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I. INTRODUCTION 
A. A Historic Perspective for a New Synthesis: 
Gene, Enzyme, and Adaptation 
Exploring the relationship between the enzyme alcohol dehydrogenase 
(ADH), the ADH gene (Adh), and alcohol adaptation is the main focus of 
this dissertation. Each aspect belongs to a different domain of biology, 
i.e., biochemistry, genetics and evolution. The synthesis of these three 
has brought almost a touch of magic to the understanding of living beings 
in the context of their environments. The presentation of the first 
complete theory of evolution goes back to Lamarck in early 19th century; 
the recognition of enzymes to last decade of 19th century; and concept of 
gene to year 1900 by rediscovery of Mendel's 1865 paper. The amalgamation 
of these three areas into the study of adaptation was not possible until 
the early years of last decade. One wonders why? The reason is simple. 
It took some 60 years of hard work (from 1900 - rediscovery of Mendel's 
work to 1960 - the discovery of genetic code) to work out the relation­
ship between gene and protein, and some 70 years (1860s to 1930s - from 
Darwin to Dobzhansky) to work out the relationship between gene and the 
evolutionary process. 
In this section, I will first outline the events that led to forma­
tion of biochemical genetics and population genetics, and then give a 
brief review of their joint application in studying adaptive processes. 
The next sections will take us from the mid-sixties to the present time 
and explore in detail a particular case of the application of this new 
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synthesis, namely, the study of alcohol adaptation from the vantage point 
of a specific gene locus and its gene product. 
Over the last two centuries many processes have been proposed to 
explain biological evolution. At first, the need of the organism to adapt 
itself to ever changing modes of life was thought as the internal driving 
force of evolution (e.g., Lamarck); then the Darwinian concept of natural 
selection came around. Although essential to the concept of "preservation 
of favorable variations and the rejection of injurious variations" (Dar­
win, 1859), natural selection could not answer two fundamental questions 
in evolution. First, why is there so much variation within a population 
in the first place? And second, what are the mechanisms by which varia­
tions are inherited? Darwin's pangenesis hypothesis, the inheritance of 
acquired characters, and blending theory of inheritance which both Lamarck 
and Darwin subscribed to were only tentative answers to the second ques­
tion. August Weismann in 1883 by presenting his germ line theory was the 
first to shake the foundation of inheritance of acquired characters. But 
early this century, the mutational theory of De Vries, and the rediscovery 
of Mendel's laws brought the answers everybody was ready for. In the new 
and brave early years of this century, these answers were indeed so 
impressive, that they soon overshadowed the previous understandings of 
biological evolution, including the Darwinian concept of natural selec­
tion. 
The rediscovery of Mendel's 1865 paper, by a trio of scientists 
including De Vries led to a great deal of scientific activity almost 
instantaneously. The Mendelian laws were verified again and again by such 
pioneers as William Bateson among others. W. S. Sutton's 1903 discovery 
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of how the random orientation of homologous chromosomes on the meiotic 
spindle could account for the independent segregation of Mendelian "fac­
tors", unified Mendelian genetics and cytology, and modern genetics was 
born. T. H. Morgan developed the chromosome theory of heredity in 1912 
and with his students A. H. Sturtevant and C. B. Bridges working with 
Drosophila mutants, put the genes on the chromosomes and worked out the 
basic aspects of linkage and crossing over. Muller in 1927 removed some 
of the mystery from the "mutation process" by measuring the rate of muta­
tion in his induced mutants. 
All of this work on mutants and mutations, coupled with the strong 
scientific stands of Bateson and Morgan as mutationists, led to a de-
emphasis of Darwin's ideas over the first three decades of this century. 
Anti-selectionist books were popular textbooks of 1930s and natural 
selection was regarded only as a purifying agent and not the driving force 
of evolution. De Vries' concept of mutation was viewed as "the mode" by 
which new species originated in a single step. 
Today, many evolutionists view some of those pioneer evolutionists and 
geneticists as villains of evolutionary theory as we know it nowadays. 
But there are no villains in science, only contributors with different 
world views. This is best exemplified in the case of William Bateson, a 
prominent scientist and a fervent mutationist of his time, who wrote the 
first textbook about the elementary facts of genetics in 1902 (Dunn, 
1965). He was also the one who suggested the term "genetics" for studying 
the phenomena of heredity and variation in 1906 in an inaugural address to 
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a scientific meeting. But his real contribution which has not been fully 
appreciated is that he is one of the three founders of biochemical 
genetics. 
Bateson in the early years of this century realized that the heredi­
tary material must have a role in guiding the chemical transformations 
that occur in organisms. He was the first who understood the nature of 
recessive mutant alleles, that "their effect is due to the absence of 
something" (Wagner, 1975). He proposed his "presence-absence hypothesis" 
to explain the phenotypic effect of alleles, and although this hypothesis 
did not survive the early years of genetics, it gave a momentum to bio­
chemical genetics. In his book written in 1909, he clearly put forward 
his belief that certain inherited conditions in both plants and animals 
are due to "the absence of ferments". Therefore, the origin of the gene-
enzyme hypothesis goes back to Bateson and Garrod (working with alkop-
tonuria and albinism in humans around 1902) and Cuenot (working with coat 
color in mice around 1902). 
Later in 1913, Sturtevant proposed that genes may undergo changes to 
different allelic conditions by mutation, and Mailer carried this point of 
view much further in late 1920s by giving a much clearer concept of alle­
lic differences. But the breakthrough in biochemical genetics had to wait 
until 1935, when George Beadle and Boris Ephrussi, using eye imaginai 
discs of normal and mutant Drosophila larvae in their transplantation 
experiments, discovered two diffusible precursors in the synthesis of the 
brown eye pigment. This discovery led to Beadle and Tatum's one gene-one 
enzyme hypothesis, and set the stage for studies on metabolic pathways in 
1940s, using mutants blocked at different steps of pathway. 
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For technical reasons at the beginning of his work on metabolic 
pathways, Beadle switched from Drosophila to Neurospora. Although this 
switch was very productive in its own way, it turned out to be a sad 
moment in the course of biochemical genetics because those who continued 
to work on metabolic pathways became biochemistry oriented and those who 
stayed with Drosophila became pure geneticists and involved themselves 
deeply in a field which is now known as classical genetics. 
Although in the 1940s, molecular genetics (those studies carried out 
by phage group) and in the 1950s molecular biology unified genetics and 
biochemistry again, these new areas had no clear evolutionary point of 
view. Only since the early 1970s have genetics and biochemistry been 
merged together within the framework of evolutionary questions. 
Thus far, I have outlined the establishment of biochemical genetics 
and the gene-enzyme relationship. 1 will next establish the relation be­
tween the gene and evolutionary process and how this led to the formation 
of population genetics. As mentioned above, the mutationists' ideas were 
very popular during the first three decades of this century. But for the 
"mutationists", the term population meant only a collection of individuals 
without any specific characteristics of its own. In contrast, in the 
Darwinian concept of evolution, the population is viewed as an entity 
beyond the sum of its members. It is a unit changing through time accord­
ing to the extent of the varibility of its members. However, Darwin's 
concept of natural selection had its own problems, that is, it could not 
operate within the framework of blending theory, which was Darwin's 
original assumption. Since a few "fitter" variants would blend with less 
fit variants, after a few generations nothing of their unique 
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characteristics would remain in the population. What the Darwinian con­
cept of natural selection lacked was a discrete and measurable attribute 
of population. 
The Mendelian principles were first absorbed by cytologists, and then 
started to attract the attentions of selectionists who found in the Men­
delian "factors" that population attribute they were looking for. First 
in 1908, Hardy and Weinberg transformed Mendelian principles into an equi­
librium of constancy of gene frequencies in random mating "Mendelian" 
populations. And then through the mathematical arguments of Fisher, 
Haldane and Wright (largely independently of each other) and the popula­
tion experiments of Chetverikov, the ways by which gene frequencies change 
within populations were formulated. Ironically, Mendel's work, which was 
rediscovered by a mutationist (among others), came to rescue Darwin's 
concept of natural selection from just being a fascinating abstract con­
cept in philosophy books. So the union of modern genetics and the theory 
of evolution by natural selection gave birth to the synthetic theory of 
evolution in the 1920s. Soon after, two other important factors in the 
evolutionary process, that is, migration and random genetic drift became 
incorporated in a "synthetic theory", which is the foundation of modern 
population genetics. 
Fisher was originally a mathematician who started his career as a 
statistical consultant to biologists. In 1918, at the beginning of his 
career, while working on the correlation between relatives, he found that 
the facts were more consistent with the assumptions of Mendelian heredity 
than popular theory of "blending inheritance". Later, among his many 
other contributions, he formulated a breakthrough theorem in the field of 
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population genetics. His so called fundamental theorem of natural selec­
tion states "The rate of increase in fitness of any organism (population) 
at any time is equal to its genetic variance in fitness at that time" 
(Fisher, 1930), indicating a direct correlation between the amount of 
genetic variation and the rate of evolutionary change by natural selec­
tion. Fisher's implication was that, since new recessive mutations would 
be protected from direct action of natural selection (in the heterozygous 
state), variability can remain in the population even with a low rate of 
mutation. It was this theorem that put natural selection in the limelight 
of evolution once again. 
Fisher's famous argument was addressed to Goldschmidt, the famous 
evolutionist of his time, and founder of the "hopeful monster" idea who 
believed that saltational changes directed the evolution of organisms. 
Fisher, being a gradualist argued that most organisms are so exquisitely 
constructed that a major and sudden alteration would have the same effect 
on them as adjusting a delicate watch by hitting it with a hammer (Fu-
tuyma, 1979). 
Haldane, both a biochemist and mathematician, studied the theoretical 
effects of different forms and intensities of selection, and the balance 
between new mutants introduced by mutation and those mutants eliminated by 
natural selection. He also worked out many hybrid characteristics (Dob-
zhansky et al., 1977). His work later led him to study the "cost of 
evolution" and the consequences of genetic load on populations (1957). 
Substitution of more favorable for less favorable alleles by natural 
selection imposes great cost in term of "genetic death" and substitutional 
genetic load on populations. To confront this problem, Haldane suggested 
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that the rate of allelic replacement and therefore the rate of evolution 
should be very small. 
Sewall Wright, the founder of the principle of random genetic drift 
in 1921, was a pioneer in biochemical and population genetics. He started 
his studies with coat color in the guinea pig, with respect to both its 
genetics and biochemistry, and was the first who used the Hardy-Weinberg 
equilibrium in 1917 to test a case of color inheritance in cattle. After­
wards, he deduced mathematically the consequences of Mendelian heredity 
under different systems of mating and the inbreeding coefficient, F, is 
one of his many contributions. Other than only being a great theoreti­
cian, Wright was also familiar with genetic variation by virtue of his 
experience with laboratory animals. In 1931, he presented his notion of 
populations superimposed on an "adaptive landscape" of gene frequencies 
with adaptive peaks and valleys, representing high and low fitnesses, 
respectively. Unlike Fisher and Haldane, Wright believed that evolution 
could occur rapidly because random change (genetic drift) could take 
organisms from one adaptive peak to another, without passing through 
adaptive valleys. For this reason, he did not regard natural selection as 
the sole driving force of evolution, rather one factor in a complex 
network of interacting factors which included mutation, selection, migra­
tion, and drift. He emphasized natural selection as a force acting among 
populations and random drift as a force active within small and isolated 
populations. 
Chetverikov, the founder of population genetics in Russia, is not 
well-known in the western world simply because his works were not trans­
lated into English until 1961. However, his impact on population genetics 
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in the western world was realized through his great influence on Russian-
born and trained geneticists like Dobzhansky (among others) who continued 
their studies outside Russia. In 1926, Chetverikov wrote one of the 
foundation papers of population genetics indicating in it the relations 
which exist between Mendelian heredity and the evolutionary process of 
natural selection. His deep understanding of evolution can be seen in the 
following sentences: "Every mutation which arises is absorbed by the 
species in a heterozygous condition, and provided that selection is 
absent, remains indefinitely conserving its frequency... selection selects 
not only a gene which determines the character under selection, but it 
affects the whole genotype, leads to an intensification of the trait 
selected, and in this participates actively in the evolutionary process" 
(Dobzhansky, 1962). Chetverikov in 1925, pioneered studies of genetic 
load in Drosophila, and at the time that mutants were viewed only as 
laboratory artifacts, never occurring in nature, devised a technique to 
show the existence and variability of recessive mutants which are hidden 
in normally looking heterozygous flies collected from nature. 
Although Wright, Fisher and Haldane poured their fundamental ideas in 
their books and papers (mostly in mathematical language) during 1917 to 
1932, something was missing in such a way that retarded the general ac­
ceptance of the synthetic theory up till the mid-1930s. What the syn­
thetic theory needed was an understandable language, and data about the 
extent of variation in natural populations. In 1937, Dobzhansky brought 
empirical observation to population genetics. Among his many contribu­
tions to the field is the notion that "... mutants are not mere laboratory 
products but occur as well in natural populations" (Dobzhansky, 1970). 
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[This transformation in the concept of mutant from De Vries and Mailer to 
Dobzhansky reminds me of the statement of Max Delbruck, one of the 
founders of molecular genetics, in his Nobel lecture in 1969, "... while 
the artist's communication is linked forever with its original form, that 
of the scientist is modified, amplified, fused with the ideas and results 
of others and melts into the stream of knowledge and ideas which forms our 
culture ..." (Judson, 1979).] The application of gene frequency changes 
in population to explain both micro evolutionary (i.e., changes in geo­
graphic races) and macro evolutionary events (taxonomic changes) has been 
meant to indicate that both types of changes are aspects of the same con­
tinuous process. This aspect of population genetics has encountered 
periodical resistance from paleontologists from Simpson (1953, suggesting 
quantum evolution) to Gould (1977, proposing punctuated equilibrium as a 
mode of evolution). 
Today, new concepts and molecular discoveries like selfish DNA, highly 
repeated DNA, mutator genes and hybrid dysgenesis and their consequences 
on evolutionary processes have somehow blurred the synthetic theory of 
evolution. But one must not forget that we are now in the middle of a 
paradigm transition in the theory of evolution and indeed perceive the 
world differently than they did. They themselves saw the world through a 
perspective considered "new" in those days. 
In the mid-sixties, the application of the electrophoretic technique 
to the problem of measuring the extent of varibility in natural popula­
tions, brought biochemical and population genetics close to each other's 
boundaries. Later in the early seventies, this inquiry evolved to an 
assessment of the adaptive significance of all the genetic variations 
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revealed by the electrophoretic technique. Only since the mid-sixties 
have biochemical and population genetics been regarded as inseparable in 
studying evolution. 
The approach of biochemical genetics provides the necessary informa­
tion about the functional differences among allozymes. However, because 
of the maze of interactions which exist between genes, functional allelic 
differences may not always be apparent at the phenotypic level. There­
fore, in conjunction with every biochemical study, other studies at the 
organismic and population levels are needed to explore the complications 
that may arise due to the interaction of genes in specific environments. 
In the end, I think that the gratitude of all who have tried to 
explore the nature of biological evolution should go, without any doubt, 
to Mendel. Darwin and Mendel, one riding high on the seas and seeing 
unseen places, and the other residing in the seclusion of a monastery, 
both have deepened our understanding of nature enormously. Although the 
essence of natural selection has already been imprinted into our concep­
tion of the world, its magnitude will constantly change depending on the 
trend of times. But Mendel's "factors" are here to stay as far as bio­
logical sciences are concerned. 
It is breathtaking to imagine how much of nature was revealed to 
Mendel in his little garden plot in a monastery.yard. Although religious 
dogmas have brought misery to mankind for centuries, the insights of this 
humble monk have enlightened and will enlight human's vision for years to 
come. 
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B. Literature Review 
1. Why such a long literature review? 
The literature review presented in the following pages is longer than 
what is typical for a dissertation. But I have a definite purpose in 
writing such a long and detailed review. Instead of writing about adapta­
tion in a general textbook manner, that is, bringing it down to an ab­
stract concept, and then reviewing some previous works, my aim is to blend 
the major relevant works of previous authors into our current understand­
ings of the adaptive process in general and alcohol adaptation particular­
ly-
What we know about the alcohol adaptation so far is the net outcome 
of all the observations, assumptions, conclusions and arguments carried 
out by many investigators over the last decade. And that is exactly the 
way I wish to present the story. Instead of taking you immediately to 
textbooks, I would like to take you to their labs and minds through- this 
literature review. So let's study an adaptive process while in action, 
not in books, paper by paper and year after year. 
Before starting the literature review, I would like to put emphasis 
on some minor points. Conclusion(s) and/or suggestion(s) presented at the 
end of each paper are more or less direct quotes from the author(s) of 
the paper. The reason for this is simple. I do not want to state my 
conclusions in this review. Since some of these papers, at the time of 
their publications, had influence on the thinking of workers in the field, 
I feel that by stating the original conclusions or suggestions, I will be 
preserving the direction of thinking about the ADH system as it actually 
advanced. Also, as the reader of this review will notice, no special 
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effort has been used to maintain consistent terminology. The reasons are: 
(1) to again emphasize the historical development of the ADH system, e.g., 
before the 1970s when ADH research was more biochemically oriented the 
term "ADH variants" (referring to the protein variants) was typically used 
rather than "Adh variants" (refers to gene variants); (2) to use more or 
less the definitions of each individual investigator (not applied in every 
case); (3) to make the reading of these pages just a little less boring. 
Another point to mention is that sometimes results have been reviewed 
in a very detailed manner, which may seem boring to the reader (i.e., 
population cage studies). This is done because of the importance of 
certain studies especially with reference to my own work which will be 
discussed in detail later. Furthermore, the method(s) of investigation 
and the numbers and characteristics of the strains of flies used in each 
study are mentioned in some detail in order to aid the reader in evalu­
ating the reliability of the conclusions reached in each study. 
2. How did it all start? 
Years ago in a volume of Nature, there was a short article (Johnson 
and Denniston, 1964) about alcohol dehydrogenase (ADH) in Drosophila 
melanogaster. All the authors presented was a picture of a faintly 
stained starch gel showing 3 different types of banding patterns for three 
ADH variants. The authors were excited that they had found a second 
enzyme in D. melanogaster, which unlike many other enzymes, had in hetero-
zygotes in addition to the parental protein bands a third hybrid band of 
intermediate mobility. But something was very unique about this article 
and that was the fact that it was the first paper ever written about ADH 
in Drosophila, and the authors understandably had no idea that their 
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humble article would be the starting point of what was soon to be the most 
intensively studied enzyme polymorphism in any organism. 
Soon after, the alcohol dehydrogenase gene, Adh, was mapped, its 
cytological position on polytene chromosome localized (Grell et , 
1965) and its activity measured (Rasmuson et al., 1966). Then, for a 
couple of years the number of its subunits and the basis of its different 
isozymes were hotly debated (Grell et ^. , 1968; Ursprung and Carlin, 
1968; Sofer and Ursprung, 1968), its mutant variants were induced (Grell 
et al., 1968) and its natural variants found (Grossman ^  al. , 1970). 
Next, age-dependent changes in its specific activity were reported (Ur­
sprung and Carlin, 1968; Dunn et al., 1969) and its tissue distribution 
specified (Ursprung et al., 1970). And by 1970, it was established that 
its gene locus was polymorphic in virtually all natural populations 
(O'Brien and Maclntyre, 1969; Berger, 1971; Grossman et al., 1970). 
As one may notice during these six years, almost every type of ques­
tion was asked and investigated except the very fundamental and obvious 
ones, that is, why is the alcohol dehydrogenase gene polymorphic in natural 
populations? Is there any relationship between ADH polymorphism and 
alcohol adaptation in D. melanogaster, considering the fact that the 
flies' natural habitats are wineries and rotting fruits? These questions 
were finally addressed in the late 1970s (Gibson, 1970). In this paper, 
for the first time in any paper about ADH, the possibility of a correla­
tion between different levels of ADH activity in different Adh genotypes 
of Drosophila and their adaptive significance in alcoholic environments 
was considered. 
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Now, twelve years and several hundred articles later, biologists 
have gained a vast knowledge about the ADH system but we are still more or 
less in the same position of postulation about the correlation between ADH 
polymorphism and alcohol adaptation. 
In the next 9 sections of this thesis, I will review some previous 
studies on the ADH system to find out why we are still in the middle of a 
stalemate. Since the purpose of this literature review is to illustrate 
the mode and direction of ADH research in the last decade, method(s) of 
investigation and conclusion(s) of each paper have been stated without any 
criticism. Another section, statement of problem, will have as its pur­
pose the criticism of some of these papers. 
It should be mentioned that the majority of papers written about the 
ADH system have not been surveyed in this review, mainly because they are 
beyond the scope of this dissertation. Most of my attention has been 
directed to those papers about allelic frequency changes in population 
cages, variations in ADH activity, and ethanol tolerance, all of which are 
main topics of my research. These three topics also represent the main 
foci of ADH research in the last decade. Papers about natural habitats of 
D. melanogaster and its behavioral responses to environmental alcohol have 
been dealt with in less detail. Although my research is not directly in­
volved with either of these latter topics, some knowledge about them is 
essential for a general understanding of alcohol adaptation in D. melano-
gaster. 
Five major types of studies have been ignored in this literature 
review. They are: (1) studies about the ADH system in species other than 
D. melanogaster. The reason is that D. melanogaster, unlike most other 
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species of Drosophila, represents a species highly adapted to alcoholic 
environments. (2) Studies about rare alleles at the ADH locus. Only 
those papers which have investigated the possible adaptive significance of 
rare alleles will be discussed. (3) Studies about basic biochemical 
properties of ADH allozymes and those related to strictly molecular as­
pects of ADH. Although both biochemical and molecular aspects of ADH are 
certainly essential in understanding the process of alcohol adaptation, 
they are not reviewed simply because, so far, most of these types of 
papers do not address themselves to the problems of maintenance of ADH 
polymorphism. However, those which do address themselves to these prob­
lems will be reviewed. (4) Papers about developmental aspects of the ADH 
system including tissue specificity. Again admitting that development is 
a central focus of the evolutionary processes, no study has related these 
two topics thus far. (5) The last excluded category are those studies 
about the ADH system which are not original, that is, their only contribu­
tion is that they have confirmed some other previous work. Of course 
there is always a small possibility of mistakenly representing a paper as 
an original one and ignoring an original paper as a non-original but I 
have tried to avoid such errors to the best of my knowledge. 
Before starting the literature review of the ADH system, two sec­
tions, one about the mode of research in population genetics from mid-
sixties to early seventies, and the other about some basic information in 
ADH system have been included. 
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3. A short review of the mode of research in population genetics from 
the mid-sixties to the early seventies 
As mentioned above, the early work on the ADH system was done mainly 
by biochemists. They were absolutely fascinated with the multiple bands 
associated with ADH and the organization of the bands in the ADH hybrid 
molecule. One of the few times that their attentions were diverted from 
isozyme patterns was a study trying to show that ADH may represent a case 
of overdominance at the enzymatic level. The rationale was simple: since 
the ADH hybrid protein had more bands, it may have more ADH activity too. 
Indeed, it turned out not to be the case (Rasmuson et , 1966). Since 
the "pioneers" in the field were biochemists or biochemically oriented 
geneticists, their enthusiasm for ADH isozyme patterns was understandable. 
[But where were the population geneticists in those days to study evolu­
tionary processes at enzymatic level? Well, they were preoccupied with 
other issues.] The population geneticists of the late sixties might be 
categorized into many groups among which five were most noticeable. (1) 
Those highly respected theoreticians, sitting at their desks and deciding 
according to the laws of mathematics and statistics, how organisms should 
change their gene frequencies in response to changes in their environment. 
(2) Those who liked to change organisms by divergent directional selection 
of metric morphological traits. (3) Those who knew how to correlate the 
minute chromosomal rearrangements of polytene chromosomes of Drosophila 
with their changing environments. (4) The newly established "electro-
phoretic group" who took upon themselves the enormous task of measuring 
the amount of heterozygosity in as many species as possible. (5) The last 
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group was an experimental offshoot of theoreticians who were following 
gene frequency changes in population cages through time. 
Generally speaking, these different groups of population geneticists 
respected each other's research and many times would overlap their ap­
proaches in studying evolutionary processes. But overlapping their inter­
ests with those of biochemists seemed absolutely unproductive to them. 
The main reason was that they neither trusted biochemists nor did the bio­
chemists trust them. The reason for the biochemists' mistrust was due to 
their assumption that population geneticists did not know much about 
biochemistry. However, the distrust of biochemists by population 
geneticists had a much deeper historic reason. Morgan, the great father of 
modern genetics, more than some of his colleagues, put aside consideration 
of the physical nature of the gene as unnecessary or premature. Quoting 
directly from his Nobel lecture in 1933 he stated that "at the level at 
which the genetic experiments lie, it does not make the slightest differ­
ence whether the gene is a hypothetical unit, or whether the gene is a 
material particle" (Judson 1979). Although Morgan was not a population 
geneticist himself, some of the pioneers of population genetics in 1930s 
were among his disciples and it seems they shared the same belief with him 
and in turn transmitted that to their own students. Thus, many population 
geneticists of the sixties had no desire to analyze evolutionary processes 
at the molecular level. They were satisfied to specify genes as ps and qs 
or as bands with certain locations in the polytene chromosomes of 
Drosophila; and more recently through their products (enzymes) as well-
organized electrophoretic bands on gels. Were not these three approaches 
enough to follow genes through evolution? The answer was "no" for some 
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population geneticists who realized that to study an evolutionary process 
like adaptation, the critical factor was not only to have a technique to 
discriminate between different alleles of a gene locus physically. 
Initially, the new electrophoretic method was revolutionary but only to 
study factual aspects of evolution (e.g., phylogeny), without much power 
to imply any adaptive significance (or lack of that) for different allo-
zymes of a gene product. 
And so the situation by the early seventies was not as promising as 
it was thought to be in late sixties after the introduction of electro­
phoretic technique to population genetics (Lewontin and Hubby, 1966; 
Harris, 1966). By then, many polymorphic loci had been reported in humans 
and Drosophila (Lewontin and Hubby, 1966; Harris, 1966) but there was no 
reasonable explanation for their existences. Some investigators had 
argued that the observed genetic variation in natural populations was a 
product of mutation and drift of neutral variants and was not the result 
of balancing selection (Kimura, 1968; King and Jukes, 1969). Others 
stressed that genetic variation implies per se adaptive significance 
(Clarke, 1970; Richmond, 1970). 
Indications for the operation of selective forces had mainly come 
until then from three types of observations: (1) geographical variation 
in gene frequencies (Prakash et al., 1969; Ayala et al., 1972), (2) sea­
sonal changes in the relative frequencies of chromosomal inversions (Dob-
zhansky et al. , 1966), and (3) convergence to equilibrium frequency in 
experimental populations started at widely different allelic frequencies 
(Yarbrough and Kojima, 1967). Direct experimental evidence, concerning 
the relative selective values of electrophoretic variants was, however. 
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rare. In one case, Yamazaki (1971) did not find selective differences 
between esterase-5 variants in D. pseudoobscura. However, in 1972, 
systematic changes in allelic frequencies, following changes in the com­
position of the food, for amylase locus in D. melanogaster was reported 
(De Jong et , 1972). 
4. Some basic information about alcohol dehydrogenase polymorphism in D. 
melanogaster 
The alcohol dehydrogenase enzyme is the product of the Adh locus, and 
is composed of 2 subunits, each with a molecular weight of 28,400 
(Thatcher, 1980). Unlike the ADH of yeast and mammals, ADH of Drosophila 
does not contain bound metals, such as zinc (Place et al., 1980). This 
enzyme has three common allozymes; ADH-FF (fast), ADH-SS (slow), and 
ADH-FS. The first two allozymes are the products of two different alleles 
of the Adh locus. The third allozyme is their hybrid dimer (Johnson and 
Denniston, 1964). Each ADH allozyme has a different electrophoretic 
banding patten. ADH-FF and ADH-SS both have three isozymes with different 
electrophoretic mobilities, ADH-1, ADH-3, and ADH-5, which result from the 
differential binding of a complex of nicotinamide adenine dinucleotide 
(NAD^) and a carbonyl compound with an unknown structure. The number of 
attached NAD^ - carbonyl complex varies from zero (ADH-5) to one (ADH-3) 
and two (ADH-1) molecules per enzyme molecule (Schwartz et al., 1975). 
ADH-5 is electrophoretically most cathodal and is more active kinetically, 
while ADH-3 is more stable. ADH-1 is apparently intermediate in all 
properties. 
The ADH-FF form is associated with higher enzymatic activity than the 
ADH-SS form, and ADH-FS has intermediate activity (Gibson, 1970; Rasmuson 
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et al., 1966). ADH activity increases during larval development, then 
decreases during pupation and again increases in adults (Ursprung et al., 
1970; McDonald and Avise, 1976). The ADH enzyme is localized in the 
intestine, fat body, the Malpighian tubules, and male genital apparatus 
(Ursprung et al., 1970; Korotchkin et aj_. , 1972). 
The Adh locus in D. melanogaster is on the second chromosome at posi­
tion 50.1 (Grell et al., 1965), within polytene chromosome bands 35B1 and 
35B3, most probably within 35B2 (O'Donnell et al., 1977). This locus is 
polymorphic in almost all natural populations (O'Brien and Maclntyre, 
1969; McKay, 1981). Eleven different alleles of Adh locus have been de­
tected so far by electrophoretic and heat-denaturation techniques (Johnson 
and Denniston, 1964; Grossman et al., 1970; Thorig et al., 1975; Milkman, 
1976; Sampsell, 1977; Maroni, 1978; Gibson et al., 1980). The Adh-F and 
Adh-S alleles are the most common alleles with a combined frequency of 
more than 90%. A single amino acid change is the basis for the structural 
difference between their gene products ADH-FF and ADH-SS. The ADH-FF 
enzyme differs from ADH-SS by a threonine to lysine substitution at posi­
tion 192 (Fletcher et al., 1978). This substitution occurs in the en­
zyme's putative catalytic domain (Thatcher, 1980). 
The coding region of Adh locus has 768 base pairs, and is divided 
into three exons (99, 405, and 246 bp respectively) separated by two small 
introns (65 and 70 bp). Larvae and adult flies have different tran­
scripts, with different length, which are different at 5' non-coding leader 
sequences (Kreitman, 1983). The difference between Adh-F and Adh-S genes 
at the nucleotide level is not only one of replacement substitution, which 
changes lysine to threonine, but also several silent substitutions. 
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However, probably the most significant difference found so far between 
these two alleles is that the adult intron (larval nontranscribed region) 
of Adh-F has two small insertions (37 and 33 bp; Kreitman, 1983). Other 
insertions have also been located both 5' and 3' to the coding sequence of 
Adh-F gene (Goldberg, 1980; Anderson and McDonald, 1983). 
Many functions have been suggested for ADH, among them, regulatory 
action in lipid metabolism (Johnson, 1974), a role in temperature adapta­
tion (Pipkin et al., 1973), and an effect on juvenile hormone synthesis 
(Pipkin et al., 1975). However, the most important biochemical function 
of ADH is believed to be in detoxification and/or utilization of environ­
mental alcohols (Gibson, 1970; McKenzie and Parsons, 1972). The use of 
resources containing a large amount of ethanol is typical of D. melano-
gaster. Ethanol utilization is coupled with a high ethanol tolerance for 
which the ADH enzyme is necessary. D. melanogaster has higher ADH activi­
ty than most of its sibling species (Pipkin and Hewitt, 1972). 
5. Alcohol dehydrogenase polymorphism and structural gene adaptation 
a. Population cage studies In the late sixties, population 
geneticists started to emphasize different environmental factors as a means 
of finding differential selection for different alleles of a given gene 
locus. At the beginning, their choices were usually unspecified like 
decreasing or increasing temperature, and changing the ingredients of 
culture medium without much consideration to administrate the natural 
substrate of a given enzyme. 
Years ago Haldane and Mayr (Haldane, 1957; Mayr, 1963) stated that 
geographical or temporal changes in the environment could place a premium 
on metabolism flexibility and that selection for hétérozygotes or 
23 
alternating selection for different homozygotes might establish the neces­
sary enzyme heterogeneity in the population (Gibson, 1970). In the late 
'60s, with the electrophoretic technique at hand, population geneticists 
were ready to test this hypothesis. 
Therefore, the first reported population study on Adh polymorphism 
had the same orientation (Gibson, 1970). The initial purpose of this 
study was to determine whether or not the level of ADH enzyme activity in 
the three Adh genotypes was affected by the food medium on which the flies 
were cultured. Food was altered by adding to it 6% ethanol, which is 
the external natural substrate for ADH enzyme. The result showed a dif­
ferential increase in enzyme activity of the three different genotypes. 
Adh-F homozygotes had the largest increase (46% compare to 21% in Adh-S 
homozygotes and 31% in Adh-FS heterozygotes). 
After publication of Gibson's first paper, other investigators in­
terested in the functional role of Adh polymorphism realized that this 
system had great potential to serve as a model system to study the adap­
tive process. One important factor for attraction of other investigators 
to study adaptation through ADH system was the fact that, unlike many 
other polymorphic enzymes, the natural substrate of ADH enzyme, that is, 
alcohol had been known for many years. This is not the case for example 
for esterase-6, the first enzyme polymorphism described in D. 
melanogaster (Wright, 1961). Still, after more than twenty years, there 
is no information on the metabolic role of esterase-6 and synthetic esters 
are being used as its substrates. Consequently, this polymorphism has not 
yet served as a useful model system to study adaptive nature of allozyme 
variation. 
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Soon after this, Van Delden started his long-term and well-designed 
population studies on Adh polymorphism. To investigate whether selection 
occurs at Adh locus, cage populations were started with different allelic 
frequencies (.20, .40, .60, .80 Adh-F) and each initial frequency was 
represented by two cages (BijIsma-Meeles and Van Delden, 1974). The ra­
tionale behind this experiment was that in the case of neutral alleles the 
frequencies should show small fluctuations around the initial values and 
should differential selection work, there will be determinate changes. 
Allelic frequencies were determined twice: 5 and 19 months later. After 
5 months (about 10 generations), an increase was observed in the .20 and 
.40 Adh-F populations, a decrease in the .80 Adh-F population, and no 
distinct change in the .60 Adh-F population. A second sample of flies, 
taken from the cages after 19 months (about 38 generations) did not show 
considerable differences from the earlier results. So, after about 38 
generations, all but one of the 8 experimental populations reached an 
Adh-F frequency between .54 and .68 regardless of their very different 
initial frequencies. Surprisingly enough, these final frequencies were 
very close to .62 Adh-F, the equilibrium gene frequency of the natural 
population, from which these cages started. 
Van Delden regarded this unique phenomenon as a good indication for 
some kind of balancing selection acting at Adh locus. In a later article 
(Van Delden et al., 1978), he reported the results of further gene fre­
quency changes of the same 8 populations after 45 months (about 90 genera­
tions). Again, regardless of their very different initial frequencies, 
Adh-F allelic frequency in all 8 population cages remained between .60 and 
.74, mostly in .60s. 
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They also reported in this paper (BijIsma-Meeles and Van Delden, 
1974) the results of another experiment. The extinction rates of four 
populations differing in genetic composition with regard to the Adh locus 
(monomorphic F, monomorphic S, polymorphic with a frequency of .20F, and 
polymorphic with a frequency of .80F) were measured under eight more or 
less extreme environments (food medium with reduced amount of yeast; 
reduced yeast medium supplemented with 10% ethanol; reduced sucrose medi­
um; 20% ethanol-supplemented medium; high temperature, 30°C; low tempera­
ture, 15°C; low humidity; high humidity). The experiment was followed for 
eight generations. Each population was represented with 50 vial popula­
tions for each environmental condition at each generation. Extinction was 
defined as the proportion of vials which failed to produce at least one 
pair of offspring in a given generation. 
The results showed that: (1) all four populations were completely 
extinct after four generations on 10% ethanol-supplemented medium; (2) on 
20% ethanol-supplemented medium, the monomorphic "S" population showed the 
highest rate of extinction, and the polymorphic population with a frequen­
cy of .80F had the lowest rate, while the other two populations showed 
more or less the same rate of extinction; (3) the monomorphic "S" popula­
tion, relative to other populations, had a higher extinction rate in low 
temperature conditions and a lower one on high humidity; (4) the mono­
morphic "F" population, relative to other populations, had a higher ex­
tinction rate on high humidity and a lower rate on low temperature; (5) 
both polymorphic populations had a lower extinction rate, relative to 
others, on high temperature and a higher one on low humidity; (5) on 
reduced yeast, and reduced surcrose media all populations had more or less 
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the same rate of extintion. From these results, they concluded that not 
only does selection act within a population, but also between different 
local populations, resulting in complete extinction of some of them under 
severe conditions. Then, if the probability of extinction is correlated 
with genotype composition, the random succession of a number of differing 
extreme environments would provide polymorphic populations, segregating 
for all genotypes, with the best chances of longer-term survival (Bijlsma-
Meeles and Van Delden, 1974). 
In 1975, Van Delden (Van Delden et al., 1975) reported another type 
of study, this time the effect of 7 different alcohols on Adh locus: 2.5% 
(v/v) methanol, 15% ethanol, 2.5% propanol, 2.5% 2-propanol, 2.5% butanol, 
15% glycerol and .5% hexanol, supplemented to regular food medium. Start­
ing all 7 cages with the initial frequency of .50, all but one cage (the 
one stressed with glycerol) showed increase in Adh-F frequency, while 
in control population Adh-F frequency remained more or less the same. The 
population cage with hexanol added medium showed the most drastic change 
while those cages with propanol and 2-propanol showed the least increases. 
One surprising result was the rise in Adh-F frequency from .50 to .70 on 
methanol added medium. Since methanol is not a substrate for the ADH 
enzyme, this observation opened the possibility that the rise of Adh-F 
frequency in other cages could be in response to some other factor(s) 
in addition to alcohol. 
However, since these experiments were carried out only for 10 genera­
tions, it was possible that the observed increase in Adh-F frequency in 
the methanol-stressed cage was only a fluctuation and not a truly selec­
tive response. Indeed, in a later paper (Van Delden et aJL. , 1978), Van 
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Delden's data showed that at 19th generation all but two of alcohol 
treated population cages had a drop in their Adh-F frequencies (including 
the methanol-stressed cage). Only cages with butanol and hexanol added 
media continued to clime in their Adh-F frequencies and indeed the one 
with hexanol became fixed for Adh-F at I4th generation. 
In this paper (Van Delden et al., 1978), he also reported the results 
of studying the responses of 3 different populations of D. melanogaster on 
15% (v/v) ethanol after 20 generations. Two closely located populations 
(only 5 km apart) showed exactly the same respose. Starting from .50 both 
moved up to .93 Adh-F frequency in 20 generations, but the third popula­
tion (not closely located to the other two) did not respond very well to 
ethanol stress condition and went up only to .80 Adh-F (all three popula­
tions were from the Netherlands). The 3 control populations started from 
a frequency of .50, after 20 generations had Adh-F frequencies of .60, 
.70, .55 respectively. In all three ethanol-stressed populations, 
response was faster within the first 4 generations and more gradual there­
after. After establishing that flies respond to selection with a direc­
tional increase in Adh-F frequency in alcohol-stressed experimental 
conditions, and considering that alcoholic environments are, in fact, part 
of natural habitat of D. melanogaster, the question for Van Delden was why 
is Adh-S allele still around with a gene frequency very close to that of 
Adh-F allele? In search for some environmental factors favoring Adh-S 
allele, he investigated two other types of environmental conditions: high 
temperature and high humidity. It was already known that ADH-S enzyme 
activity is less affected by rise in temperature than ADH-F (Gibson, 
1970). He kept 3 population cages each starting at a different allelic 
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frequency at 30°C (control populations was kept at 25°C) for 35 genera­
tions. The results showed that Adh-F frequencies at 30°C were generally 
lower than of those at 25°C, though the differences did not increase in 
the course of time. After 5 generations, the first population decreased 
in Adh-F frequency from .65 to .35, the second population from .54 to .44, 
but the third population showed an increase from .47 to .57. After 35 
generations, all three populations had an Adh-F frequency between .61 to 
.64, that is, the equilibrium gene frequency of their base population. 
Therefore, with such results fixation of Adh-S allele in these 3 popula­
tions at 30°C temperature seemed unlikely. 
Next, Van Delden investigated the effect of high humidity on the Adh 
locus. Three different populations all with an initial frequency of .50 
were set up in incubators with high humidity. The first population went 
down to .30 Adh-F after 25 generations, while its control (kept on regular 
humidity) went up to ,62 Adh-F. The second population (which was closely 
located to the first one) showed an irregular course, but after 25 genera­
tions, its Adh-F frequency was very close to that of the starting point, 
.50. The third population, by the 20th generation came down to .40 Adh-F, 
but by the 25th generation went up again to its starting point of .50. 
Therefore, fixation of Adh-S allele under high humidity condition seemed 
unlikely too. 
Although the relationship between high humidity and Adh locus was not 
clear from above-mentioned experiment, the fact that high humidity can 
modify the effects of ethanol was demonstrated in another experiment. In 
this experiment. Van Delden kept 3 population cages under conditions where 
ethanol and humidity were combined or alternated. In the two closely 
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located populations, the damping effect of high humidity on ethanol action 
was evident in such a way that Adh-F frequencies of these 4 populations (2 
for combined and the other 2 for alternated conditions) after 20 genera­
tions were more or less the same as their control populations (regular food 
and humidity), around .70. However, the third and more distantly located 
population ruled out the reasonable conclusion that Adh polymorphism is 
maintained by the joint action of high humidity and high alcohol stress. 
In the third population after 25 generations, the control stayed around 
.50 Adh-F frequency, while the population with a combination of high 
humidity and ethanol went up to .83 Adh-F after 20 generations and the 
population with alteration of high humidity and ethanol was fixed for 
Adh-F frequency by the 25th generation. Ironically, this was the first 
time that Van Delden got fixation in any of his population cages under 
ethanol stress. 
Cavener and Clegg in 1978 designed an experiment to investigate 
whether selection acts directly at the Adh locus or whether this locus is 
simply in linkage disequilibrium with some other loci in the second 
chromosome, which is actually responding to selection. They were also 
interested in determining whether the ethanol selection acts only in a 
localized area around the Adh locus or on other regions of genome as well. 
To answer these questions, they followed the dynamic behavior of four loci 
on the second chromosome and another four loci on the third chromosome for 
12 generations by running gel electrophoresis every other generation on 
two replicate control populations and two replicate populations under 
ethanol stress (regular food was supplemented with 10% ethanol every 18 
days). 
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The gene products of four marker loci and their respective loci on 
second chromosome used in this experiment are: glutamate oxalo acetate 
transaminase, Got; alpha glycerophosphate dehydrogenase, g-Gpdh; alcohol 
dehydrogenase, Adh; malate dehydrogenase, Mdh. Those of third chromosome 
are: esterase-6, E6; esterase-C, Ec; tetrazolium oxidase, and octanol 
dehydrogenase, Odh. The results showed that out of eight marker loci six 
of them did not respond to ethanol stress. Only the Adh and a-Gpdh loci 
showed response. Their gene frequency changes were measured at the 18th 
and 28th generations. Gene frequency changes at the Adh locus under 
ethanol stress were very rapid up to the 4th generation in one replicate 
and to the 7th generation in the other replicate population, but stayed 
more or less the same by the 18th generation. After 28 generations, the 
Adh-F frequencies were .81 and .91 in the two ethanol stress population 
cages and .19 and .36 in the two control populations. The initial Adh-F 
frequency just before selection was .33 for all four populations (equi­
librium gene frequency of their base population was .21 Adh-F). 
The Of-Gpdh allelic divergence appeared after the third generation and 
continued until the 12th generation in both ethanol-stressed populations. 
But after 28 generations only one replicate sustained its response to 
selection. By the 28th generation, the gene frequencies in two ethanol-
stressed populations were .41 and .69 aGpdh-F and .53. and .42 aGpdh-F in 
two control populations. The initial aGpdh-F frequency was .46 for all 
four populations. 
Their results also indicated that linkage disequilibria among the 
eight marker loci were small and non-significant (computed for only 12 
generations). Indeed, the gene frequency changes observed at a-Gpdh locus 
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was independent of observed response at Adh locus, because only a very 
small amount of linkage disequilibrium existed between Adh and a-Gpdh 
which are about 30 map units apart. So, they concluded that since the 
Of-GPDH enzyme is involved in energy metabolism, its gene frequency 
response could be accounted for in terms of the indirect effect of ethanol 
on energy metabolism. 
In a later paper, Cavener and Clegg (1981) reported further results 
of their experiment. After 57 generations on ethanol stress conditions, 
a significant gene frequency change at another polymorphic locus, Mdh, was 
observed. After 12 generations, the Mdh locus had not shown a significant 
response to ethanol compare to the control condition. But by generation 
57 both ethanol-stressed cages were fixed for Mdh-S allele, while Mdh-S 
frequency in two control cages were .77 and .93. The starting Mdh-S gene 
frequency was .80 for all four population cages (equilibrium gene fre­
quency in the base population was .85 for Mdh-S). 
Returning to the Adh locus, the Adh-F allele became fixed at the 
50th generation in one replicate but remained at .88 in the second one. 
Both replicates showed the same pattern of response - a series of rapid 
increases followed by stable periods in Adh gene frequency. It should be 
mentioned that between generation 12 and 50 only four measurements of gene 
frequency were taken and therefore up s and downs of gene frequency in 
every generation would not have been noticeable. The Adh-F frequencies in 
the 2 control populations at the 50th generation were .20 and .45. 
Concerning the dynamics of the a-Gpdh gene frequency, Of-Gpdh con­
tinued to respond to ethanol stress but its pattern was very different 
from that of Adh locus. Up to generation 18, both replicates showed a 
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tendency toward increase in aGpdh-F frequency just like Adh, but after­
wards a complete reversal in response was observed, in such a way that by 
generation 40 one replicate became almost fixed for aGpdh-S (.98) and the 
second one was .44 OfGpdh-S, which was close to its initial frequency (.55 
gOpdh-S). Ten generations later (generation 50) not only was the first 
cage not fixed for aGpdh-S, but it changed its direction and came down to 
.87. The other replicate moved up to .57 aGpdh-S. Both control cages 
remained at .40 aGpdh-S. 
At the end of this experiment (57th generation), Cavener and Clegg 
assayed the 4 population cages for a new polymorphic-enzyme, 6-phosphoglu 
conate dehydrogenase, which has its gene locus (6Pgd) on X chromosome. 
The gene frequency of 6Pgd-S in two control populations were .26 and .66 
and in two ethanol-stressed populations .02 and .07. So it seemed that 
6Pgd locus responded to selection as well. 
Cavener and Clegg in this paper also introduced a procedure to find 
out what will happen when selection pressure is removed from responding 
loci. At the 29th generation, selection was relaxed by not adding ethanol 
to newly established cages (started from files of ethanol-stressed cages). 
The "relaxed situation" cages were kept for 31 generations. The results 
at the 59th generation showed a clear differentiation in gene frequencies 
between ethanol-stressed populations and their relaxed selection deriva­
tives. Adh, gGpdh and 6Pgd loci in the relaxed cages, all showed a re­
versal in direction of response. However, it should be mentioned that 
response to the removal of ethanol stress was highly variable among dif­
ferent replicate cages and different loci. 
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In summary, their conclusion was that not only the Adh locus, but 
other loci responded to ethanol stress as well. This adaptive response of 
several loci, nevertheless, was not the result of linkage disequilibrium 
among them, rather because of the coordinated nature of biochemical path­
ways, a perturbation introduced at one point is likely to have manifold 
effects (Cavener and Clegg, 1981). For example, oxidation of ethanol by 
ADH results in drastic changes in NADH/NAD^ ratio of cell (McElfresh and 
McDonald, 1983; Willianson et a]^., 1974). Reoxidation of NADH occurs by 
the «-glycerophosphate and the malate-asparate shuttle systems and the 
mitochondrial respiratory chain (Cederbaum et al., 1977). The enzymes 
involved in these shuttle systems are a-GPDH, aGPO («-glycerophosphate 
oxidase), MDH and GOT. As we saw aGpdh and Mdh loci responded to ethanol 
selective regime in the experiment of Cavener and Clegg. 
Oakeshott and Gibson (1981) studied changes of Adh gene frequency in 
replicate populations of 11 polymorphic stocks during 20 generations on 5 
different types of media: regular food, regular food supplemented with 3% 
ethanol, supplemented with 9% ethanol, simulated wine seepage and simu­
lated ethanol seepage. The results showed that the frequencies of Adh-F 
allele were not significantly different among the flies on the five dif­
ferent media after 20 generations. The frequencies ranged from .62 to .70 
before selection and .67 to .73 after selection. From this uniformity of 
lack of response, they concluded that the overall selective effect of 
ethanol stress may result from a mixture of opposing modes of selection on 
different fitness components, the net results of which is much the same as 
the selection operating without added ethanol (Oakeshott and Gibson, 
1981). 
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In the same paper the authors also reported the results of a cage 
study involving 54 populations kept on regular food for 20 generations at 
22°C. The 54 populations were divided into 3 groups with different ini­
tial Adh-F frequencies: .25, .50 and .75. After 20 generations, the 
Adh-F frequency of the first group reached to .49, the second group .62 
and the third group .79. The obvious conclusion was that in all three 
groups the Adh-S genotype had the lowest fitness, but they could not 
discriminate, based on these results, between models of heterozygote 
advantage or directional selection favoring Adh-F allele. It was sug­
gested that the differential changes of Adh-F frequency among three groups 
(.24 Adh-F increase in the first, .12 in the second, and .04 in the third 
group) were because in groups with lower initial Adh-F frequencies, higher 
proportions of Adh-S homozygote flies were available to be selected 
against. 
Sangiorgi (Sangiorgi et a].. , 1981) followed the dynamics of Adh 
allelic frequency in 3 cage populations raised at three different temper­
atures (18°, 25° and 28°C) for 5 generations. During this experiment, 5 
metric traits (wing length and width, thorax length and width and head 
width) also were measured for the 3 populations at periodic generations. 
Starting at .50 Adh-allelic frequency, after 5 generations the 2 popula­
tions kept at 18° and 25°C reached a frequency about the same as the 
original population (.35 Adh-F) but the population kept at 28°C did not 
show any change in frequency during the course of study (.49 Adh-F). With 
respect to the metric phenotypes, flies with Adh-F genotype were different 
from other 2 Adh genotypes in populations kept at 18° and 25°C as well as 
original population. However, the population kept at 28°C, again showed a 
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different response, that is, Adh-S genotypes were phenotypicly different 
from others. Their conclusion was that the association between each Adh 
genotype and a typical body shape was the result of different gene ar­
rangements in the three populations kept at various temperatures, and that 
selective responses at the Adh locus could be only a side effect of the 
evolutionary pattern of the populations. 
b. Studies on the biochemical properties of ADH allozymes Vigue 
and Johnson in 1973 reported the results of an extensive study on ADH 
at biochemical level. Their investigation revolved around the essential 
question of whether functional differences exist among the alternate 
genetic forms of ADH. To answer this question, specific activity, sub­
strate specificity, influence of pH and temperature, heat stability and 
Michaelis constants of the three ADH forms were measured. 
Their results showed that specific activity differed in the following 
order: ADH-F > ADH-FS > ADH-S. It was also found that this order was 
most apparent in crude supernatants and technical variations in procedure 
obscured differences in later stages of purification. The three ADH 
allozymes were generally similar in order of reactivity with various 
substrates: 2-butanol > 2-propanol > 1-butanol = 1-propanol > ethanol. 
All three ADH allozymes showed the same activity peak for borate buffer 
(peaked at pH 8.4) and glycin buffer (peaked at about 9.0). Temperature-
dependent activity with both 1-butanol and ethanol gave the same results. 
ADH-F and ADH-FS peaked at about 38°C, while the highest activity of ADH-S 
was at 43°C. Temperature inactivation, that is, the pattern of decay of 
activity was measured according to time, temperature and genotype, with 
both 1-butanol and ethanol as substrates. The order of stability with 
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1-butanol was: ADH-S > ADH-FS > ADH-F. At high temperature (37°C), ADH-F 
was distinctly more labile than the other forms. With ethanol as sub­
strate the degree of inactivation was lesser and in the 30-37°C range, no 
significant difference was observed among 3 forms, but at 40°C the order 
of ADH enzyme stability was the same as 1-butanol. So, they suggested 
that either ethanol has some stabilizing effect or butanol some denaturing 
effect on the enzyme. 
Two Michaelis constants (Km), relating to the conversion of ethanol 
and NAD^ to acetaldehyde and NADH (Kgthanol' ^NAD^ were measured, 
^ethanol measures the affinity of the enzyme (ADH) for ethanol. 
likewise measures the affinity of the enzyme (ADH) for NAD^. Their results 
of the Km determination for NAD^ and ethanol showed little variation among 
the three allozymes (ADH-S showed a non-significant lower K-gthanol compare 
to ADH-F). It should be pointed out that the three different ADH allo­
zymes were only partially purified. 
Afterward, Day et a]^. (1974) reported the results of their investiga­
tion about the biochemical differences between ADH-S and ADH-F allozymes. 
They found that ADH-F had about twice the specific activity of ADH-S, but 
their immunological method (Laurell, 1966) could not detect any differ­
ences in the relative amount of ADH enzyme produced by the two different 
Adh homozygotes. They also measured four Michalis constants: ^ethanol' 
K'ethanol' ^ AD' ^'NAD b°th ADH forms (K'^thaaol ^'NAD measure the 
same affinity as Kg^hanol ^NAD the second substrate in each 
case is in saturating concentration). Their Km determinations were done 
on the major ADH isozyme, ADH-5; and no significant differences between 
the two ADH forms were found. Although statistically insignificant, they 
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noticed a trend in the Km values, that is, ADH-S had lower value for all 
four Km measurements. They discarded this observed trend as being in the 
wrong direction. The ADH enzyme in their study was not totally pure, 
rather they partially purified ADH-F^ and ADH-S^ by iso-electric focusing. 
Oakeshott (1976) in search of biochemical differences between ADH-FF, 
ADH-FS, ADH-SS, and ADH-Fn^ (heterozygous for F and an Adh null allele) 
found no differential substrate specificity among different allozymes for 
the 12 tested substrates in third-instar larval extracts. Although the 
effect of various alcohols on ADH activity was significantly different, 
there was no significant interaction between alcohol and genotype. pH 
profiles were done on pupal extracts over a pH range from 6.5 to 11.3. pH 
optima of different ADH forms occurred between about 8.5 and 9.0. A highly 
significant interaction between pH and genotype was found to be due to 
the relatively high activities of ADH-FS and ADH-SS at pH 6.5, and rela­
tively low activity of ADH-Fn^ at pH values above 10.0. Heat stability 
studies at 40°C indicated that ADH-FF and ADH-FS were significantly more 
stable than ADH-SS and ADH-Fn^. To account for the significant discrepan­
cy between his result with regard to heat stability of ADH, and other 
previous work (Gibson, 1970; Vigue and Johnson, 1973; Day et al., 1974), 
Oakeshott suggested that it has either resulted from a genetic difference 
between his flies and other's at the Adh locus, indicating the existence 
of another Adh allele electrophoretically indistinguishable from those 
previously described; or a genetic difference have occured at loci other 
than Adh (modifier loci of ADH heat stability). 
Some years later, McDonald and co-workers (McDonald et ^. , 1980) 
reported the results of their investigation on biochemical properties of 
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ADH in three Adh-Fast and two Adh-Slow strains. Their results indicated 
that Adh-Fast strains had 2-3 times higher amounts of ADH per fly than 
Adh-Slow strains. Adh-F and Adh-S strains although significantly differing 
in ADH activity with different alcohols (assayed in saturating concentra­
tions of both NAD^ and alcohol) showed the same substrate specifity for 
the three tested alcohols (ethanol, propanol and butanol). They also 
found that at saturating concentrations of the three tested alcohols, the 
specific activities of ADH-F and ADH-S were more or less the same, indi­
cating that observed differences in ADH activity between Adh-Fast and 
Adh-Slow strains were effectively the result of differences in the amount 
of ADH enzyme molecules. 
Six Kms ^alcohol' ^ 'alcohol' ^ alcohol^ 
determined using 90 to 95% pure enzyme, ^alcohol ^NAD estimated 
computationally and the rest graphically. The results showed that ADH-S 
had significantly lower ^alcohol values than those of ADH-F. Also ADH-S 
had more or less lower values, but the differences were not consis­
tent. Instead of assuming this observation as being in the wrong 
direction (as did Day et al., 1974), they argued that at low alcohol or 
non-alcoholic environment lower K , , , of ADH-S may give some selective 
alcohol ° 
advantage to Adh-Slow genotype over Adh-Fast genotype which usually has 
more selective advantage at higher concentrations of alcohol because of 
its higher ADH activity. Another result from their study was that ADH-S 
and ADH-F showed opposite interaction for both co-factor (NAD^) and sub­
strate (alcohol). ADH-S showed positive interaction for both alcohol and 
NAD , that is, as the concentration of NAD increased, values of K , . , 
alcohol 
decreased and as the concentration of alcohol increased, values 
NAD 
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decreased. However, ADH-F enzyme showed negative interaction both for 
NAD and alcohol. From these opposing interactions, they concluded that 
relative ^  vivo catalytic efficiencies of ADH-F and ADH-S may vary with 
respect to one another, depending upon intracellular levels of alcohol 
and/or NAD^ co-factor (McDonald et al., 1980). 
6. Alcohol dehydrogenase polymorphism and regulatory gene adaptation 
By the mid-seventies it was more or less established that the Adh 
locus responds to selection in experimental alcohol-stressed populations. 
Meanwhile, since the early seventies another avenue of adaptation, that 
is, regulatory gene adaptation was gaining more and more attention among 
the investigators of ADH system. 
First, Gibson and Miklovich (1971) reported the significant differ­
ences in activity between forms of ADH enzyme with identical electro-
phoretic mobility but extracted from different populations. They argued 
that such differences may be due either to structural gene differences 
leading to difference in activity of the enzyme without any change in 
molecular charge of the protein and therefore its electrophoretic mobility; 
or to modifier genes, quite separate from the structural gene, and segre­
gating at different frequencies in different populations. Indeed, since 
the late sixties, it had been suggested that perhaps only one third of 
mutations produce molecular changes which can be detected electrophoretical-
ly (Harris, 1969). 
In 1972, Ward and Hebert reported another case in which great varia­
tion in ADH activity was observed among different lines all homozygous for 
Adh-S allele (activity variations were not as distinct in Adh-F homozygote 
lines). They took this finding one step further to investigate whether 
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this observed variation was the result of an electrophoretically unde­
tected change in structural gene or the existence of modifier genes. They 
grouped their 10 different Adh-S lines into 3 groups according to their 
activities. One line had very high ADH activity (indeed, higher than any 
Adh-F line), two lines showed intermediate activities and the remaining 
seven lines had low activities. It was argued that if the existence of 
modifier genes is a correct hypothesis, then the Adh-S lines with low and 
intermediate ADH activities will be still segregating for both high and 
low modifiers of ADH, and it should be possible to select for both high 
and low enzyme activities from each respective line. 
This divergent directional selection method proved to be very effi­
cient in the case of Adh-S line with intermediate activity. In both 
directions, i.e., selection for lower and higher ADH activities, the re­
sponses were very rapid such that after only 2 generations the ADH activi­
ty in the high activity selected line reached a level close to that of the 
original high-activity Adh-S line; in the line selected for low activity, 
the value dropped to a level typical of those seven lines with low ADH 
activities. Although selection in both directions was carried out for four 
generations, after the second generation no further response to selection 
was observed, presumely because after two generations the high and low 
activity lines became fixed for high and low modifier loci, respectively. 
ADH was the first enzyme in which the effect of modifier loci was shown. 
In later papers (Ward, 1974, 1975), Ward reported the results of his 
studies in localizing these modifier genes of ADH activity. His results 
indicated that first (X), second and third chromosomes all affect the 
regulation of ADH activity. A major modifier, located close to the Adh 
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structural gene on second chromosome, was postulated to account for the 
bulk of the activity differences between two Adh-S lines. Also, it was 
argued that the high activity allele of this modifier must be assumed to 
be at low frequency in most natural populations, since high activity 
strains homozygous for Adh-S allele are rare. He concluded that modifier 
genes of the X and third chromosome affect ADH activity to a smaller 
extent. It should be mentioned that his conclusions were not derived from 
precise mapping of modifier genes, rather based on substitution of chromo­
somes with different ADH activities into a common background. This paper 
was the starting point in the long term and yet unresolved dispute over 
which chromosome has greater effect on the regulation of ADH activity, 
that is, cis-acting or trans-acting regulatory action. 
In 1978, McDonald and Ayala gave more insights into the action of 
modifier genes. Their main objective was to determine the effect of third 
chromosome on ADH activity. Using a special mating scheme, they obtained 
21 strains homozygous for second and third chromosomes derived from dif­
ferent wild flies; that is, second chromosome of a constructed fly was 
originally from one wild fly and its third chromosome from another. To 
further investigate the dominance relationship between the allelic vari­
ants of the modifier loci of third chromosome, nine strains were con­
structed, homozygous for structural locus at second chromosome, but het­
erozygous for different third chromosomes. The results of their experi­
ment indicated that there were some modifier genes on the third chromosome 
with very significant effects on the level of ADH activity, but there was 
variation in the third chromosome effects and not all third chromosomes 
shared the same effect on ADH activity. However, third chromosomes with 
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higher activities were more or less dominant over third chromosomes with 
lower activities. Also, they found that whatever the effect of the third 
chromosome, high or low, it was not constant for a given third chromosome 
and the observed level of ADH activity was the outcome of the interaction 
between second and third chromosomes. Another significant result of their 
study was that the regulatory effect of third chromosome on ADH activity 
was by regulating the number of ADH molecules in flies. Flies with higher 
activity always had higher amounts of ADH enzyme too. 
In 1978, Barnes and Birley in their continuing investigation of the 
action of regulatory genes of Adh locus (Barnes and Birley, 1975; Birley 
and Barnes, 1973, 1975) reported their recent study involving the con­
struction of 27 chromosome substitution lines derived from two inbred 
strains both homozygous for the Adh-S allele but differing significantly 
in ADH activity. X, second and third chromosomes of high activity strain, 
one or two homozygote chromosomes at a time were incorporated into back­
ground of low activity strain, and chromosome(s) of low activity strain 
were incorporated vice versa into the background of the high activity 
strain. Therefore, 8 lines were constructed by this method. The other 19 
lines were derived by incorporating one or two chromosomes, this time each 
heterozygous for high and low activities of each given chromosome, in 
two different backgrounds. 
Their results again indicated that the effect of the second chromo­
some, where the Adh structural gene is located, can be modified signifi­
cantly by the genotype of both X and third chromosomes. Like McDonald and 
Ayala (1978) but unlike Ward (1975), they found the effect of third 
chromosome on the level of ADH activity very remarkable. Differences 
43 
between the X chromosomes of two different original strains were notice­
able only when the second or second and third chromosomes were heterozy­
gous. They concluded that there are considerable gene interactions 
involving all of the three major chromosomes in both heterozygous and 
homozygous states. 
In the midst of these different studies, all revealing extensive gene 
interactions affecting the ADH activity level, Thompson (Thompson and 
Kaiser, 1977; Thompson et al., 1977) reported his results of studying two 
strains both homozygous for slow allozyme but differing in ADH activity. 
His results provided the first evidence that a presumptive control muta­
tion, decreasing both the ADH activity and the number of enzyme molecules 
is located proximal, but very close to the structural gene for ADH enyzme 
(Thompson et al., 1977). Later Grossman (1980) found another activity 
factor tightly linked to the Adh structural locus. But he could not dis­
criminate that the difference in ADH activity of two different strains 
originated in a cis-acting regulatory gene or within the structural gene 
itself. 
Clarke in 1979 (Clarke et 1979) suggested that the observed 
genetic variations in ADH activity and amount of ADH enzyme within and 
between electromorphs are only a function of environmental factors and not 
regulatory genes. It was argued in this paper that ADH activity and ADH 
amount can rise with increase in body weight. Since the weight of adult 
flies is influenced by the conditions of larval growth, they reared flies 
with different amount of dead yeast (dead yeast inhibits the growth of 
other micro-organisms). Their results showed that flies reared in very 
high amount of dead yeast not only were 30% heavier than control flies, 
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but also had more than twice the amount of ADH enzyme. However, they 
could not find a linear relationship between body weight and ADH amount, 
so they proposed and found an "allometric" relationship, that is, a pro­
portionate increase of the amount of enzyme with the square of body 
weight. 
In 1980, Laurie-Ahlberg (Laurie-Alberg et al. , 1980) while studying 
the extent of genetic variation in natural populations for 5 different 
enzymes, found that in ADH like in aldehydeoxidase, allelic variation is 
responsible for most of the activity variation observed in wild flies. 
This was in constrast to other three enzymes (fumarate hydratase, a-
glycerophosphate and catalase) under study in which most of the activity 
variations were due to their modifier genes. 
Although by the end of seventies many studies (as mentioned above) 
had focused on regulatory genes affecting ADH activity, there were no 
studies on the mechanism(s) of action of these regulatory genes. There 
are, of course, many ways in which regulatory genes might influence ADH 
enzyme activity. Rates of transcription, processing or translation of 
mRNA of ADH could be altered, resulting in differential rates of ADH 
enzyme synthesis; activators or inhibitors of ADH activity could be syn­
thesized; substrate availability or the rate of product removal could be 
controlled; and post-translational control on the rate of degredation of 
ADH enzyme could be exerted. 
Anderson and McDonald in 1980 using a recently developed, sensitive 
immunological pulse-chase technique (Anderson and McDonald 1981) estimated 
the relative iji vivo stabilities of ADH in two different ADH-S and two 
different ADH-F variants (with regard to ADH activity). The results 
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showed that all variants exhibited the same rate of ADH enzyme degrada­
tion. 
More recently, Anderson and McDonald (1983) reported the same result 
for two naturally occurring rare variants of ADH and one induced ADH-null 
variant. However, another induced variant (ADH-D derived from a struc­
turally ADH-F type) showed a significantly less stable ADH protein compared 
with other seven tested variants. In this paper, they also reported the 
results of their study on ^  vivo ADH synthesis for all seven Adh vari­
ants. The rate of ADH synthesis was measured by incorporation of labeled 
amino,acids into anti-ADH precipitable protein (Anderson and McDonald 
1981). The results indicated that the rate of ADH synthesis was signifi­
cantly higher in the four strains with faster electromorph mobilities 
(representing two different fast mobilities of ADH) than in the three 
strains with slower electromorph (representing two different slow 
mobilities of ADH). It should be mentioned that no difference in the rate 
of total protein synthesis was found among all these seven strains of 
flies. 
After finding that the rate of ADH synthesis and not the rate of ADH 
degradation is different in some Adh-genotypes, the immediate question for 
them was whether this property has resulted from different level of proc­
essed Adh transcripts in different strains or some post-translational 
mechanisms. Using a dot blot hybridization procedure, levels of cytoplas­
mic ADH mRNA were estimated in all seven strains. The results again 
showed that the four ADH variants of "fast group" had significantly higher 
concentrations of ADH mRNA than the three ADH variants of "slow group". 
However, one ADH-F variant had significantly higher amount of ADH mRNA 
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than that of any "slow group". But the concentration of its ADH mRNA was 
lower than those of other "fast group" flies. Their conclusion from this 
study was that most of the ADH activity variation observed in natural 
populations of D. melanogaster is due to genetic factors operating at a 
pre-translational level (Anderson and McDonald, 1983). 
Before finishing this section and starting the next section about 
alochol tolerance in D. melanogaster, I will review one more paper by 
McDonald et al., 1977. The difference between this paper and other papers 
already mentioned is that in this paper gene regulation was studied in a 
strain of flies not because it showed a lower or higher ADH activity, 
rather because this strain was experimentally selected for increased 
tolerance to ethanol. After 29 generations of selection for increased 
tolerance to ethanol, this strain could tolerate ethanol concentration up 
to 18% remarkably well, while at the same time unselected flies showed 
considerable decrease in survivorship with 12% ethanol (David and Bocquet, 
1977). 
By this time, it was more or less established that a positive correla­
tion exists between the level of ADH activity of flies and their ability 
to tolerate alcohol in their environment (will be reviewed in the next 
section). The immediate question for the authors of this paper was 
whether ADH activity had increased in these flies or not? The answer was 
"yes". Selected flies had 25% to 30% more ADH activity (depending on 
alcohol type used as substrate in enzyme assays). Selected flies also had 
higher amount of ADH molecules than unselected ones. Then, the next ques­
tion was what was the nature of this increase in ADH activity? Was it the 
result of a change in structural gene of ADH, or the response to selection 
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for higher ethanol tolerance was coupled with selection for regulatory 
genes with greater effect on ADH activity? Different tests like electro­
phoresis, product inhibition, temperature stability, pH optima, substrate 
specifity, and Michaelis constants all failed to show any stuctural dif­
ferences between ADH enzymes of selected and unselected flies. Therefore, 
they concluded that most probably regulatory genes were responsible for 
the adaptive response of the selected flies. 
The result of this study not only touched the sensitive issue of the 
role of structural gene versus regulatory gene in adaptation; also, it 
brought together for the first time two separate avenues of ADH system 
research, that is, regulatory gene adaptation and alcohol tolerance. 
7. Alcohol dehydrogenase polymorphism and alcohol tolerance 
Alcohol tolerance does not necessarily depend on ADH activity alone. 
The resistance may arise from a modification of the penetration of alcohol 
into fly or from a better utilization of aldehyde produced by ADH (David 
and Bocquet, 1975). Also, ADH is certainly not the only enzyme potential­
ly involved in alcohol metabolism. Two octanol dehydrogenases, ODH-1 and 
ODH-2 (Chambers 1981) catalize long-chain alcohols, while ADH has prefer­
ence for short-chain aliphatic alcohols such as ethanol and propanol. 
Great variability in alcohol tolerance occurs between Drosophila species. 
For example, among the seven species known within the D. melanogaster 
species sub-group, 50% mortality ranges from alcohol concentration of 17% 
in a European population of D. melanogaster to less than 2% in D. Orena 
(David et al., 1974). 
It should be mentioned that the results of alcohol tolerance tests 
from different labs should not be compared with each other without 
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qualification. The reason is that every lab uses a different method of 
applying alcohol to flies. Some labs apply alcohol alone, some in sucrose 
solution, some in regular food medium and still others use alcohol fumes, 
rather than alcohol in solution. Another difference affecting the result 
is the state of fly at the time of alcohol exposure. In some labs, flies 
are etherized before the alcohol tolerance test (to separate sexes from 
each other or to count the number of flies) and in other labs etherization 
is not used. Also, there is a difference in duration of exposure time to 
alcohol. The standard method is to determine median lethal concentration 
or dose (LC50 or LD50), that is, the concentration of alcohol that results 
in 50% mortality among flies (David and Bocquet, 1974). A more convenient 
method, counting mortality after 2 days on a given concentration of alco­
hol, is used more often (mistakenly called LC50 after 2 days by many 
investigators). 
Studies of alcohol tolerance in D. melanogaster started in early 
seventies. McKenzie and Parsons (1972) were the first investigators to 
use alcohol tolerance as an ecological parameter in the relative successes 
of D. melanogaster and D. simulans. Flies were tested on four different 
concentrations of ethanol (0,3,6 and 9%) supplemented with regular food 
medium. The results indicated that D. simulans was much more sensitive to 
ethanol than D. melanogaster on 6 and 9% ethanol. They also found that 
the survival of D. melanogaster on ethanol was independent of temperature 
over the range (15-25°C) used, while the survival of D. simulans was 
temperature dependant. At the lower temperature (15°C), D. simulans 
showed higher mortality. 
49 
Briscoe and co-workers (Briscoe et al., 1975) reported that flies 
homozygous for the fast allele and heterozygote flies showed the same mor­
tality (about 30%) after one day on regular food supplemented with 12.5% 
(v/v) ethanol, while flies homozygotus for slow allele were more sensitive 
to ethanol toxicity (55% mortality). Since the order of alcohol tolerance 
among different genotypes in this study (FF = FS > SS) was in discrepancy 
with the order of ADH activity in the same strains of flies (FF > FS > 
SS), they suggested additivity at the primary gene product level, but 
dominance at the physiological level for Adh-F allele. In this paper, it 
was mentioned that in Spanish population of D. melanogaster, from which 
their flies were collected, Adh-S was being held in an inversion together 
with g-Gpdh-F locus. So it was possible that the observed mortality 
differences between genotypes were not due to Adh locus alone. However, 
they rejected this alternative hypothesis because they repeated the 
experiment, this time with another population with no inversion around 
Adh locus and found the same result. 
McDonald and Avise in 1976 reported the results of their studies on 
alcohol tolerance among nine species of Drosophila for four different 
concentrations of 2-propanol (1,2.5,5 and 10%) supplemented with regular 
food. At 5% and 10%, D. melanogaster showed the highest survivorship among 
all tested species. They also found a significant positive correlation 
(.91) between level of adult ADH activity and survivorship at 5% 2-
propanol after 100 hrs. 
In 1976, David and Bocquet reported the results of their studies on 
alcohol tolerance for eight primary alcohols and three secondry alcohols. 
They found that the toxicity of primary alcohols increased with the length 
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of the alcohol molecule (with the exception of 1-carbon methanol which is 
not a substrate for ADH enzyme). The reason was argued to be either 
because the metabolization of long-chain alcohols is very slow or their 
metabolizations transform them to an even more toxic product. Also, they 
found that secondary alcohols were more toxic than the corresponding pri­
mary alcohols. Again possibly because products of oxidation of secondry 
alcohols are more toxic than secondary alcohols themselves. For example, 
long-chain unsaturated secondary alcohols are more toxic to normal flies 
than to Adh null mutants (Sofer and Hatkoft, 1972). 
The other result they got from their study was that ethanol was the 
best tolerated alcohol in flies, though vitro ADH enzyme showed highest 
activity with 2-propanol as substrate (live flies were very sensitive to 
2-propanol). In a later paper (David et al., 1976), David suggested that 
the fact that ethanol is not normal substrate for ADH, could indicate that 
the primary physiological role of ADH in Drosophila metabolism was not 
ethanol use, but some other unknown processes involving secondary alco­
hols . 
In 1977, David and Bocquet reported that in an already ethanol 
tolerant strain, they could select for increased alcohol tolerance after 29 
generations from an initial 18% LC50 (after 2 days) to about 26%. The 
selection procedure was to expose flies at each consecutive generation to 
a higher ethanol concentration in such a way that resulted in 80% mortali­
ty among flies after 3 days of treatment. The increase in tolerance was 
higher during the first 10 generations and then it gradually slowed down, 
just like response to selection for a quantitative trait. Meanwhile, 
unselected lines showed no difference in their alcohol tolerance after 28 
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generations kept on regular food. Although the weight of flies in the 
selected and unselected lines remained the same, several other significant 
differences were observed between selected and unselected flies. Selected 
flies had a shorter growth duration, shorter wings, and more sternopleural 
chaetae than unselected ones. They could not discriminate between two 
alternative hypotheses for these observed changes: (1) these differences 
arose as a consequence of alcohol selection; (2) these differences 
reflected the effects of a genetic drift occuring in the selected strain. 
David and co-workers (David et al. , 1978) reported their results of 
studying alcohol tolerance in an Adh-null mutant. The effects of eight 
primary alcohols and four secondary ones were investigated. The results 
showed that although mortality after 2 days on metanol was the same, in 
all other alcohols tested, wild type had higher tolerance than Adh-null 
mutant, and the greatest difference was seen for ethanol. Like the wild 
type strain, the Adh-null mutant showed decrease in alcohol tolerance with 
increasing the length of alcohol molecule. The alcohol tolerance response 
of this Adh-null mutant to different alcohols was almost identical to that 
of D. simulans which has reduced ADH activity (Pipkin and Hewitt, 1972). 
David's conclusion from this study was that the difference between the 
wild type and the Adh-null strain was due to the presence of ADH enzyme in 
the former strain. 
Kamping and Van Delden in 1978 showed again that the differential 
survival of Adh genotypes on ethanol is caused by their differences in ADH 
activity. In their case, the variation was within an electrophoretic 
class. They tested seven strains, six Adh-F homozygotes and one Adh-null 
strain. ADH activity and LC50 after 2 days were determined for all seven 
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strains. Significant variation was observed within both ADH activity and 
alcohol tolerance in male flies, as well as a very significant correlation 
coefficient (.95). Correlation coefficient for females was also signifi­
cant (.80). 
In this paper, it was mentioned that although these results suggest a 
direct relation between activity level and detoxication efficiency, they 
do not believe that these results represent the whole picture. Their 
previous results (Van Delden et al., 1978) with three Adh genotypes (FF, 
FS, and SS) had showed that heterozygotes (with four different geographic 
origins), although had intermediate ADH activity, their survivorships after 
7 days on three different ethanol-supplemented food media (20%, 25%, and 
30% v/v ethanol) was rarely intermediate. They either survived about the 
same or did a little worse than FF homozygotes (depending on their ori­
gins). SS homozygotes always showed the lowest survivorship. Therefore, 
Kamping and Van Delden concluded that in addition to the direct relation 
between ADH activity and alcohol tolerance, other relations may be in­
volved . 
In 1980, Van Delden and Kamping reported the results of survivorship 
study at high temperature (35°C) on four Adh genotypes. The order 
of mortality was null-mutant > SS > FF > FS. This result was very sur­
prising because it was known that Adh-S flies were more heat stable than 
other Adh genotypes (refer to page 38 for references). However, when 
in vitro stabilities of ADH allozymes from these four strains were 
measured at 35°C, the order of heat stability was the same as previous 
studies by others, i.e., SS > FS > FF. As Van Delden and Kamping sug­
gested, this discrepancy between adult mortality and vitro heat 
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stability at 35°C may reflect the fact that after 24 hours at 35°C, no 
drop in ADH activity was observed in living adults of any of the three 
genotypes, whereas vitro only after 4 hours at 35°C nearly total loss 
of activity was observed in homogenates. They also found that NAD^ (co-
factor of ADH enzyme) addition to homogenates increased vitro heat 
"t* 
stability, although differently in three Adh genotypes, depending on NAD 
concentration. So, they concluded that differences in vitro heat 
stabilities probably are not relevant to survival of flies at high 
temperatures in nature. 
In 1980, Van Herrewege and David reported their results on selection 
for alcohol tolerance in three natural populations of D. melanogaster with 
various origins, and a population of D. simulans. In an African strain of 
D. melanogaster (segregating for "slow" and "fast" alleles at the Adh 
locus), the initial tolerance of 6.5% alcohol was increased to 18%, in a 
tropical American strain (again segreating for S and F alleles) from 10 to 
24%, in a French strain (Adh-F homozygote) from 16 to 28%, and in a D. 
simulans strain from Teneriffe (one of Canary Islands) from 4 to 6.5% 
(D. simulans is monomorphic at the Adh locus; O'Brien and Maclntyre, 
1969). Two hypotheses have been considered for alcohol tolerance in D. 
melanogaster: (1) it is simply a detoxification process (Clarke, 1975); 
and, (2) flies are able to use ethanol as a food and energy source. To 
investigate which hypthesis is correct, they tried to find the correlation 
between alcohol tolerance and the capacity for metabolic use (alcohol 
utilization) in their selected flies. 
They found that optimum concentration of alcohol for flies to survive 
was 2-4% for D. melanogaster strains, and 1% for D. simulans. Above these 
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concentrations the toxic effects of ethanol exceeded its beneficial ones 
and survivorship decreased. Their conclusion was that at least at lower 
concentrations of ethanol flies are able to use ethanol as food resource. 
However, the other results of their study was not as straightforward as 
that. It was found that in the absence of alcohol or any other food, life 
duration was significantly higher in unselected lines of D. simulans and 
African strain than their respective selected lines, and about the same in 
unselected and selected lines of tropical American strain. Only the 
selected line of French strain showed higher life duration than its un­
selected line (81 hrs. vs. 65 hrs). When flies were tested on non-toxic 
1% ethanol, three selected lines showed improvement in their alcohol 
utilization compared to their respective unselected lines, but still 
selected and unselected lines of the African strain showed the same life 
duration. Although the French strain had the highest ethanol tolerance 
level (16% in unselected and 28% in selected lines), still at 1% ethanol, 
both the selected and unselected lines lived shorter than those lines of 
trophic American strain, with lower ethanol tolerance (10 and 24% respec­
tively). However, at toxic 8% ethanol concentration all selected lines 
survived much longer than their respective unselected lines. From all 
these confusing results, they concluded that ethanol tolerance and utili­
zation (at least at lower concentrations of ethanol) are two different 
traits, which could be genetically independent. 
Anderson and co-workers (1981), testing alcohol tolerance of two 
strains of flies on a range of ethanol concentrations (0-10%), found that 
although at higher ethanol concentrations (6-10%) Adh-Fast flies showed 
lower mortality rate than Adh-Slow flies, at lower ethanol concentrations 
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Adh-Slow flies either lived longer (at .5% ethanol) or as long as Adh-Fast 
flies (1-4% ethanol). They attributed this mortality difference to the 
changing catalytic efficiency of the two allozyme variants under different 
ethanol concentrations, and suggested a form of environmentally dependent 
balancing selection for the maintenance of Adh polymorphism. 
In 1980, Oakeshott and co-workers (Oakeshott et al., 1980) reported 
the results of studying alcohol tolerance in three Adh genotypes (F/F, 
F/S, S/S), in three different experiments. In the first experiment, 
alcohol tolerance was measured after flies were subjected to three differ­
ent concentrations of ethanol (9, 11, and 12%) supplemented with food for 
7 days. In the second experiment, measurements were carried out after 
flies were subjected to a solution of ethanol (different concentrations of 
8, 9, 10%) and sucrose for one day. In the third experiment, alcohol 
tolerance was measured after flies were exposed for 45 minutes to ethanol 
fumes. For each concentration in each experiment, between 3 to 10 differ­
ent stocks of flies were used. The rationale behind these three different 
conditions of ethanol exposure was that in each case the uptake of ethanol 
by flies was different. For example, in the third experiment, ethanol 
most likely was absorbed through cuticle rather than ingested; therefore, 
factors other than ADH activity, like surface area, respiratory rate or 
general metabolic activity may also be important for survival. 
The results of survivorship of different genotypes in different 
experiments were: in both the first and second experiments, survivorship 
was in this order: F/F = F/S > S/S, but in the third experiment the order 
of survivorship among three different genotypes was very different and 
absolutely surprising: S/S > F/S > F/F. Ignoring their original 
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rationale, one of their conclusions was that, the higher survivorship of 
S/S in the third experiment could be because of short term exposure of 
flies to ethanol rather than the fact that the ethanol vapor was absorbed 
through cuticle. But the important conclusion which this paper arrived at 
was that the advantage of S/S flies in the third experiment was a reflec­
tion of their relatively low ADH activities, which in turn enabled them to 
accumulate less acetaldehyde (the direct product of ethanol oxidation by 
ADH enzyme) which is more toxic than ethanol. 
Sampsell and Sim in 1982 investigated the effect of heat stress on 
alcohol tolerance of D. melanogaster. Flies were heat-treated by putting 
them in vials and then keeping vials for 13 min. in a 40°C water bath. 
Then, they were transferred to regular food supplemented with four dif­
ferent ethanol concentrations (0 to 8%). Dead flies were counted after 2 
days exposure to ethanol food. Control flies were not heat-treated but 
were exposed to the same concentrations of ethanol. Five strains dif­
fering in their heat-sensitivities (as measured by their ADH thermostabil­
ities), but all within the two ADH electromorphs (Fast and Slow) were 
tested in this study. The Adh genotype of these five strains were; 
Adh-Fr, Adh-Fs, Adh-Fm, Adh-Sm, and Adh-Ss (r, s, and m refer to resis­
tant, sensitive, and moderately resistant to heat treatment). For more 
information about these genotypes see section 9a. 
The results showed that in control flies there was no difference 
between five strains in their responses to ethanol. However, five heat-
treated strains showed differential mortality among themselves, all in 
direction of decreased ethanol tolerance. The order of survivorship at 8% 
ethanol was Adh-Fr > Adh-Sm > Adh-Fm > Adh-Ss > Adh-Fs. In other words, 
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the mortality was highest among heat sensitive strains regardless of their 
being Adh-F or Adh-S. Also, the results of ADH activity measurement in 
heat-treated (13 min. at 40°C) flies showed that the two heat sensitive 
strains each lost about 90% of their ADH activities, while the heat resis­
tant strain (Adh-Fr) did not show any loss of ADH activity. Therefore, 
they suggested that Adh-Ss and Adh-Fs may be rare in nature because their 
Adh phenotype is deleterious. Their conclusion from this study was that 
temperature can, in appropriate condition, act directly on fitness through 
the inactiviation of heat-sensitive ADH variants. 
Ziolo and Parsons in 1982 reported their results of studying the 
effects of three variables (Adh genotype, temperature, and ethanol concen­
tration) on ADH activity and alcohol tolerance. The effect of ethanol 
fumes (at seven different concentrations ranging from 0 to 12%) on differ­
ent Adh genotypes (FF, FS, SF, SS) was measured on four different temper­
atures (ranging from 15° to 29°C). The rationale behind this study was 
that environmental influences such as temperature and ethanol should have 
a lesser effect on ADH activity than on ethanol tolerance. To make this 
hypothesis more clear, they argued that ethanol tolerance should be re­
garded as an integral metabolic phenotype determined polygenically, but at 
ADH level the importance of Adh locus is expected to be greater. 
The results showed: (1) ethanol increased longevity at all concen­
trations, with a maximum of 6% ethanol (in other words, concentrations up 
to 12% ethanol fumes did not have any toxic effects on flies under these 
experimental conditions); (2) longevity under ethanol exposure was higher 
at higher temperatures than at lower ones; (3) the genotype effect on 
alcohol tolerance was much smaller than effects of temperature and ethanol 
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concentrations; (4) at different temperatures and different ethanol con­
centrations FF flies (to investigators' surprise) showed less ethanol 
tolerance than SS and FS and SF flies (both types of Adh heterozygotes 
showed the same results). SS and FS showed very much the same tolerance; 
(5) the effect of genotype on ADH activity was so large that FF flies were 
over twice as active as SS flies with the heterozygotes being intermedi­
ate; (6) temperature and ethanol concentration had hardly any effect on 
ADH activity, that is, for any given Adh genotype ADH activity was more or 
less the same, at both different concentrations of ethanol and different 
temperatures. Therefore, they concluded that Adh genotype does not have 
the major effect on ethanol utilization, instead environmental factors -
temperature and ethanol - have by far the greatest impacts (Ziolo and Par­
sons, 1982). At the end of this paper, they suggested that it is 
important to identify the proper loci affecting the phenotype under study 
(i.e., ethanol tolerance), rather than only working with the Adh locus and 
its ADH allozymes. 
8. Alcohol dehydrogenase polymorphism and aldehyde/ketone tolerance 
Primary alcohols are oxidised by ADH to aldehydes and secondry alco­
hols to ketones. Aldehydes and ketones are highly toxic chemicals them­
selves and must be immediately eliminated. However, there is some varia­
tion in how fast the product of the first step of alcohol oxidation can 
enter into the second step of alcohol metabolic pathway. For example, 
aceton which is the by-product of oxidation of 2-propanol is extremely 
difficult to oxidize vivo (Tecwyn Williams, 1949), whereas cyclohex-
anol, on which both ADH-F and ADH-S allozymes are as active as they are on 
2-propanol (Morgan, 1975), is completely oxidized vivo (Tecwyn 
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Williams, 1949). Therefore, alcohol toxicity could result either because 
of toxicity of alcohol itself or toxicity of its by-product, the aldehyde 
or ketone. In this context, it is as important to know about metabolism 
of breakdown of aldehydes and ketones as that of alcohols. Since this 
aspect of alcohol oxidation has come to attention of investigators of ADH 
system recently, only a few studies have been so far directed to genetics 
and biochemistry of further oxidation of the product of alcohol oxidation. 
Morgan (1975) in search of a method to show that natural selection 
acts directly at the Adh locus, studied the effect of l-penten-3-ol 
alcohol on flies with FF and SS Adh genotypes. The rationale behind this 
study was that if selection acts directly at the Adh locus, then in a 
mixture of FF and SS flies exposed to an alcohol substrate which converts 
to a lethal product after oxidation by ADH enzyme, the SS flies should 
have an advantage over the FF flies, due to Adh-F flies having a higher 
ADH activity than Adh-S flies, and therefore accumulating more of lethal 
product per unit time. In this experiment, Morgan used l-penten-3-ol 
which its oxidation by ADH was known to give a lethal ketone product, 
ethyl vinyl ketone (Sofer and Hatkoft, 1972). Morgan subjected about 1400 
flies of both Adh-F and Adh-S strains to a .5% l-penten-3-ol solution for 
about 11/4 minutes. Then, transferred them to fresh food vials and after 
12 hours counted dead flies in each vial. The result was 58% survival for 
SS flies vs. 32% survival of FF flies. But when he exposed both strains 
of flies to the vapor of ethylvinyl ketone, there was no significant differ­
ence in their survivorships. So he concluded that differential survival 
was related to differential ADH activity and not to differential 
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susceptibility to the ketone. The conclusion of the paper was that 
variation at the Adh locus is not neutral to applied selection. 
It is known that ADH converts ethanol into acetaldehyde, another 
toxic chemical (Clarke, 1975). It is generally assumed that aldehyde 
oxidase (AO), an abundant enzyme, produced by the Aldox locus (3-56.7) is 
necessary for a further transformation of acetaldehyde into non-toxic and 
useful acetate (Dickinson, 1970). In 1977, David and co-workers (David 
et al., 1977) investigated the correctness of this assumption, by studying 
five strains normal for ADH activity but not producing aldehyde oxidase. 
Two types of mutants exist which do not produce an active Ao (Dickinson 
and Sullivan, 1975); mutants of the sex linked maroon-like (ma-L) locus 
and mutants of the Aldox locus located on the third chromosome. Of five 
mutant strains used in this study, three strains belonged to the first 
type, and two strains to the second type of mutants. LC50 after 2 days 
for ethanol and acetaldehyde was measured for all five strains. 
The results showed that all five AO-negative strains were fairly 
tolerant to ethanol compared to the first control strain (an ADH-negative-
AO-positive). The second control strain (an ADH-positive-AO-positive) had 
higher ethanol tolerance than these five mutant strains. However, acetal­
dehyde tolerance of the two mutants of Aldox locus surprisingly was higher 
than others (including the controls), so they concluded that the production 
of acetate could be the consequence of another yet unknown enzyme. The 
results of this experiment also showed the presence of a faint faster-
migrating second band on starch gel after staining for aldehyde oxidase. 
This second band was present in all tested strains including those two 
mutants of Aldox locus which lacked the first normal band of AO. From 
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this observation, they suggested the possibility that tissue partition of 
the two AOs could be different in such a way that only the enzyme of the 
second locus metabolizes the acetaldehyde produced by ADH. 
Some years later, Deltombe-Lietaert e_t al^. (1979) again investigated 
the role of aldehyde oxidase in the detoxification of acetaldehyde. They 
used a quantitative method (gas-liquid chromatography) to measure acetal­
dehyde degradation in homogenates of D. melanogaster flies. Three strains 
of flies were studied: one was AO-negative-ADH-positive, the other had 
active AO and inactive ADH, and the third strain (used as control) was 
both normally active for AO and ADH. The results showed that acetaldehyde 
loss was five times more in AO-positive-ADH-negative than AO-negative-
ADH-positive, indicating that aldehyde oxidase plays the major role in 
acetaldehyde detoxification. But the results also showed that in the 
AO-negative-ADH-positive flies, acetaldehyde was degradated too, though 
with a lower extent. So, like David et al. (1977), they concluded that a 
second yet unknown locus produces a small amount of aldehyde oxidase, 
sufficient for the detoxification of the metabolic acetaldehyde produced 
by ADH, but not enough for detoxification of greater amounts of acetal­
dehyde in food and environment (Deltombe-Lietaert et , 1979). 
In 1981, Daggard studied the relationship between ADH and aldehyde 
oxidase (ALDOX) enzyme activities and how this relation affects alcohol 
tolerance in D. melanogaster. Three substrate pairs; ethanol/ethanal 
(acetaldehyde); 1-propanol/propanal; and 2-propanol/2-propanone were 
studied in this experiment. The results showed a relatively high ethanol 
tolerance was positively correlated with a joint high levels of ADH and 
ALDOX activities on the substrates ethanol and ethanal. However, the high 
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levels of ADH and ALDOX activities on the substrates 1-propanol and propanal 
was associated with a low 1-propanol tolerance. Furthermore, the high 
level of ADH activity with 2-propanol and an absence of ALDOX activity 
with 2-propanone resulted in a very low 2-propanol tolerance in flies. 
Therefore, Daggard concluded that the balance between the toxic effects of 
alcohol and the ability of alcohol to increase flies survival is a func­
tion of not only the type and concentration of the alcohols, but also the 
flies' capacity to metabolize them and tolerate the aldehyde and ketone 
products. 
In 1981, Parsons and Spence reported their results on studying the 
effect of gaseous acetaldehyde at four different concentrations (ranging 
from .01 to about 2%) on the mortality of four strains of three species of 
Drosophila. Two strains of D. melanogaster were used in this experiment, 
a wild type and an Adh-null mutant. The results showed that at concentra­
tions up to 1% all species lived significantly longer than their respec­
tive controls. However, the threshold between beneficial and toxicity 
effects was lower for Adh-null strain (about .5%), although it utilized 
acetaldehyde at ,1% as efficiently as all other three strains. Above 1% 
all strains showed very high mortalities. The same experiment was carried 
out for larvae, but instead of applying gaseous acetaldehyde, acetaldehyde 
was supplemented with agar medium. Also, instead of measuring the mortality 
of larvae, the number of larvae attracted to or avoided acetaldehyde medium 
was counted. Again, the same result was obtained at larval stage. Larvae 
(except of those of Adh-null strain) were attracted to acetaldehyde con­
centrations up to 1% more often, and above 1% more larvae avoided 
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acetaldehyde. So, they concluded that at low concentrations, acetaldehyde 
like ethanol is used as food resource by both adults and larvae. 
9. D. melanogaster revisited in. its natural habitat 
The studies reviewed so far have been carried out in labs, either on 
flies collected fresh from nature or from old lab stocks. The genetical 
and biochemical parts of these studies have provided some information 
about ADH system at the genotypic level, while studies on tolerance (alco­
hol, aldehyde, and ketone) of flies illuminated some aspects of the pheno-
typic level of ADH system. But a third dimension is yet necessary to give 
depth to this system, in other words, to define the Adh polymorphism. 
This third dimension is the natural habitat of D. melanogaster. The 
purpose of this section, however, is not as much to explore the natural 
habitat of flies as it is to find the inter-relation between flies and 
their natural habitat. This section is devoted to two subjects; geo­
graphic variation of Adh gene frequency and Adh gene frequencies found 
inside and outside wineries. 
a. Geographic variation of Adh gene frequency In 1973, Vigue and 
Johnson reported the existence of a latitudinal dine of Adh allele fre­
quency in the Eastern United States. They collected about 7000 flies in 
42 samples from localities in 11 states, ranging from Maine to Florida. 
The results showed that Adh-S frequency droped from about .90 in the South 
to about .50 in the North (from 26° to 44° latitude). Since in the regions 
where flies were collected, average temperature showed a pattern of de­
crease similar to the frequency of Adh-S, they concluded that temperature 
could be responsible for this observed clinal variation. However, they 
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did not reject the role of other environmental factors varying similarly 
with the Adh gene frequency changes. 
About the same time, Pipkin and co-workers (Pipkin et al., 1973) 
reported the existence of a clinal variation in the relative frequencies 
of Adh alleles among progenies of flies collected in nature at eight 
stations along the gulf coast, four stations in the central highlands 
of Mexico and at two texas stations. They found that Adh-S was almost 
monomorphic in Southern Mexico while its frequency ranged from .61 to .69 
in Southern Texas. In search of an environmental factor to correlate the 
clinal variation with, they calculated the regression of Adh-S frequency 
on minimum and maximum monthly temperature for a 10-year period (1921-
1930). Calculations showed a positive correlation between Adh-S frequency 
and minimum temperature, but no correlation was found with maximum temper­
ature. So, again they suggested that this clinal variation could be due 
to temperature, i.e., Adh-F genotype being favored in colder regions. 
Later, Pipkin and co-workers (Pipkin et al., 1976) reported an alti-
tudinal dine of Adh allele frequency in fly populations of Southern 
Mexico. The frequency of Adh-S ranged from .38 to .68 (about 50 miles 
apart) at altitudes above 5000 feet. Descending to lowlands, Adh-S fre­
quency increased to .91 just about 80 miles east of the point of collec­
tion of flies at highland. So, within more or less the same latitude, an 
altitudinal clinal variation was found. They also found a parallel dine 
3 
of certain alleles of aldehyde oxidase (Aldox, 3-56.7), that is, Aldox 
and Aldox^ showed opposite directions of clinal variation compared to each 
other. However, no clinal variation was found for alleles of esterase-6 
(Est-6, 3-36.8). 
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A cytological analysis of the distribution of autosomal inversions 
indicated that a limited gene exchange had occured throughout the low­
lands. Also, the similarity of the kinds and frequencies of Aldox alleles 
at one point of collection in highland to those in the lowlands was 
another indication of gene exchange between highland and lowland. How­
ever, when Adh-S frequencies of 9 highland and 13 lowland strains were 
plotted vs. extreme minimum temperature, a significant regression was 
found. Extreme minimum temperature was calculated as the average of the 
mean of minimum temperature of the coldest month over a 10-year period 
from 1921 to 1930. Their conclusion was that dines of Adh and Aldox 
alleles depended on both selection and gene exchange between low and high 
temperature races of D. melanogaster. 
Sampsell in 1977 reported her survey of Adh allelic frequency in D. 
melanogaster. More than 2200 flies were collected in 14 states, from 
California to Maine and from Iowa to Georgia. The results showed that 
Adh-S had an allelic frequency of .59, while allelic frequency of Adh-F 
was .41. It should be mentioned that the purpose of this survey was not 
to measure the relative frequencies of the two most common alleles of Adh 
locus, rather to measure the relative frequencies of ADH thermostability 
variants. Five classes of Adh alleles were found within the two common 
electrophoretic classes after post electrophoretic heat treatment. The 
five classes were: Adh-Fast sensitive, Adh-Fast moderate, Adh-Fast resis­
tant, Adh-Slow sensitive, and Adh-slow moderate. The results of this 
survey showed that Adh-Fast moderate and Adh-Slow moderate had the highest 
percentages in each electrophoretic class. The other three classes 
represented rare variants, making only 1.72% of the total collection. The 
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most common of these three rare classes was Adh-Fast resistant with an 
average frequency of .016 and a range between .000 to .068 depending on 
the location of collection. 
Malpica and Vassallo in 1980 reported the existence of clinal varia­
tion at the Adh locus from samples of flies taken from 24 locations widely 
spread throughout Spain. The range of Adh-F frequencies in their survey was 
.65 to .99 (80% of all surveyed locations had an Adh-F frequency above 
.85). They found a significant negative correlation between Adh-F fre­
quency and the average temperature of the coldest month of the year over 
all 24 locations (the range of temperature variation was 0-14°C). Also, a 
significant negative correlation between the level of ADH activity of 
collected Adh-F flies and the average temperature of the coldest month was 
found. So, they suggested that this Adh dine in Spanish population of D. 
melanogaster is a strong support for the hypothesis that natural selection 
is acting to maintain Adh polymorphism. They also emphasized the point 
that temperature may not be necessarily the only environmental variable 
for this Adh dine. 
In 1981, a clinal variation in which Adh-F frequency increased from 
north to south in Australia was reported by Anderson (1981). Flies from 
30 locations in Australia were collected in this survey. Adh-F frequencies 
ranged from .09 to .88 in a latitudinal range of 8.8°S to 43°S with a 
correlation coefficient of .71. Next, Parsons and Stanley (1981) observed 
a parallel increase in ethanol tolerance in Australian strains of D. 
melanogaster. Flies from six locations were collected in a latitudinal 
range of 9°S to 37°S. Corresponding range of hrs. to 50% mortality after 
exposure to 12% ethanol solution at 20°C, ranged from 18 to 83 hrs. 
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Although they did not present any Adh frequency data in this paper, they 
concluded that the ethanol tolerance comparisons within and between popu­
lations indicate little or no association with the Adh locus. 
In a related study, David and Bocquet in 1974 had reported that 
strains of D. melanogaster from temperate countries (Europe) were twice as 
tolerant as tropical strains from Africa or America. Furthermore, they 
found (David and Bocquet, 1975) two latitudinal dines in D. melanogaster 
with respect to weight and ovariole number. Their data showed that 
strains from tropical Africa were much smaller and had fewer ovarioles 
than French strains. Since smaller number of ovarioles has been shown to 
be correlated with a low reproductive potential (David and Bocquet 1975), 
and since many physiological parameters with genetic variability in 
natural populations are correlated with body weight (Parsons, 1974), David 
and Bocquet concluded that weight and ovariole number both are important 
factors in organismic fitness. However, as mentioned in alcohol tolerance 
section (David and Bocquet, 1977), in a later experiment (Section 1.7), 
they could not find any correlation between body size and alcohol toler­
ance . 
Recently, Oakeshott and co-workers (Oakeshott et al. , 1982) have 
tested the latitudinally varying selection hypothesis by studying the Adh 
allelic frequencies in other continents, including Asia, Europe and 
Australia. They argued if such a clinal variation also exists in other 
continents, then it will be an indication that observed clinal variation 
is not just a stochastic process and indeed is maintained by some selec­
tive forces. They collected the data from Australia themselves (a total 
of 34 collections in 10° - 40°S latitudinal range), but Asian and European 
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Adh allelic frequencies (a total of 39 collections in 25°-50°N latitudinal 
range) were collected by other investigators. 
The results showed the same pattern again, i.e., Adh-S frequency de­
creased with increasing distance from the equator. Thus, they concluded 
that latitudinal dines for Adh are maintained by selective gradients, and 
rejected the notion that Adh-S first arose in the equator and is simply in 
the process of spreading by drift to the north and south. However, unlike 
the case of North America no association was found between Adh-S frequency 
and either maximum or minimum temperature. Surprisingly Adh-S frequency 
was positively and significantly related to maximum rainfall in Asia, 
Europe and North America and to minimum rainfall in Australia. Their 
suggestion was that although the mechanisms underlying the relationship 
between rainfall and Adh allelic frequency changes are obscure, maximum 
rainfall could influence many aspects of the physical, chemical and bio­
logical environments. 
In this paper, it was also mentioned that polymorphic inversion 
In(2L)t is usually in positive linkage disequilibrium with the Adh-S and 
aGpdh-F alleles (Mettler et al.., 1977). It has previously been argued 
that the Adh and aGpdh dines in North America are caused by the linkage 
disequilibrium between these genes and In(2L)t, the frequency of which 
also shows a latitudinal dine. However, Voelker et al. (1978) have shown 
that at least 77% of the Adh dine and 66% of aGpdh dine in North America 
cannot be explained by linkage disequilibrium with In(2L)t inversion. 
b. Wineries : Adh gene frequency inside versus outside The eco­
logical niches of many Drosophila species include rotting plant materials 
in which alcohols are produced by yeast fermentation (Ainsley and Kitto, 
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1975). Several Drosophila species, including D. melanogaster are known to 
breed on fermenting fruits and hence may be associated with ethanol. 
Other species, i.e., D. busckii inhabit environments in which, due to the 
nature of the decomposing material (milk, potatoes), higher order 
alcohols, like propanol may occur (Daggard, 1981). Other than rotting 
fruits, D. melanogaster has a high preference to live in wineries, where 
it breeds on the surface of fermenting wine jars on substrates often 
containing 10% of alcohol (David et al., 1979). Since the last decade, 
many studies have been directed toward inside and outside wineries, with 
the hope of getting an understanding of Adh polymorphism. This section is 
devoted to a summary of these types of studies. 
McKenzie and Parsons in 1972 reported the first survey of wineries. 
They collected flies on a monthly basis from both inside and outside the 
"Chateau Tahbilk" winery in Victoria, Australia. The results showed that 
while all collected adults, larvae and pupae from inside were D. melano-
gaster, more D. simulans than D. melanogaster were found outside. The 
ratio of D. simulans to D. melanogaster differed from .75 in January to 
3.69 in March, to .85 in May. The obvious conclusion from this survey was 
that D. melanogaster had a higher tolerance to alcohol than D. simulans. 
In 1974, McKenzie reported a differential resistance to alcohol among 
three populations of D. melanogaster; one cellar population (cellar of the 
"Chateau Tahbilk" winery), the other from outside cellar, and the third 
population was from an area removed from the vineyard. Resistance to 
alcohol was measured as the percentage of adult flies emerging from 9% 
(v/v) ethanol-supplemented food medium. The range of the mean emergence 
for four cellar collections (at different times of year) was 37% to 49%. 
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For four outside cellar collections, the range was 20% to 35% and for four 
collections of the removed population was 11% to 21%. At the same time, 
there were no differences between the controls (0% ethanol) of the three 
populations. Although outside and inside cellar populations showed dif­
ferent resistance to alcohol, their allelic frequency was about the same 
in both locations (the range of Adh-F frequency was .73 to .70 inside 
cellar and .71 to .63 outside cellar). 
They also found that D. simulans which is sensitive to alcohol and 
not found in cellars, showed no differentiation between vineyard and re­
moved populations in respect to adult emergence from 6%(v/v) ethanol-
supplemented food medium. So, they concluded that alcohol adaptation has 
occurred for D. melanogaster, but not for D. simulans. However, since they 
found no apparent relation between Adh genotypes and mean percentage 
emergence (FF flies 36%, FS flies 36% and SS flies 32%), they suggested 
that the alcohol adaptation is most possibly independent of the ADH 
system. 
In 1975, Briscoe and co-workers (Briscoe et a^., 1975) reported that 
unlike McKenzie (1974), they had found that Adh-F frequency inside a wine 
cellar in Spain was significantly higher than Adh-F frequency from a 
rubbish tip outside the winery (.96 Adh-F inside vs. .89 outside). There­
fore, they suggested that alcohol tolerance is dependent on the ADH 
system. 
In 1978, McKenzie and McKechnie reported again that F^ generation of 
flies taken from inside a cellar had higher ethanol tolerance (as measured 
by percentage mean emergence of adults on 9% ethanol-supplemented food 
medium) than outside cellar flies. But this time, they measured ethanol 
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tolerance inside and outside cellar during two different periods, vintage 
and non-vintage. They found that during vintage the level of alcohol 
tolerance in flies decreased as a function of distance from cellar (flies 
were taken from four areas between 3 to 63 m away from cellar). However, 
during non-vintage period ethanol tolerance was uniformly distributed 
among flies from four outside areas. 
Their conclusion was that the pattern of ethanol tolerance outside 
cellar could best be explained by penetration of alcohol fumes to outside 
with a gradient distribution during vintage. In non-vintage periods, 
there is no alcohol fumes to be distributed with a gradient and therefore 
all flies outside, no matter how far they are from cellar, would show the 
same alcohol tolerance. Also, their results showed again that the Adh-F 
frequencies of collected flies from all four areas outside cellar were more 
or less the same during vintage and non-vintage periods (with a range of 
.66 to .72). So, they suggested again that genotypic response to environ­
mental alcohol is independent from Adh locus and alcohol tolerance is a 
polygenic trait. 
In 1979, Gibson and co-workers (Gibson et al., 1979) reported the 
results of a survey of the Adh gene frequencies in 2 different areas in 
Australia. One of these was a winery in New South Wales, the other an 
orchard close to a winery 140 km away from the first winery. The Adh-F 
frequencies were .66 and .67 respectively. Then, 4 sublines for each 
strain were established and selection for increased alcohol tolerance was 
followed among these sublines by raising them in ethanol-supplemented 
medium generation after generation, each generation at a higher ethanol 
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concentration. After 10 generations, both populations (all eight sublines) 
showed adaptive responses. 
The response to selection was not quantified by measuring survivor­
ship of various populations at some fixed ethanol concentration; rather 
the criteria of adaptive response was the fact that at the beginning of 
the experiment all eight sublines did not breed at all on 10% ethanol-
supplemented food, while after 10 generations of selection all sublines 
could be routinely maintained on 12% ethanol-supplemented medium. At the 
same time, after 10 generations none of the unselected sublines could 
breed on 12% ethanol-supplemented food. 
The frequencies of Adh alleles of selected and unselected sublines of 
both strains were measured at the 4th, 8th and 10th generations and the 
results were very unpredictable. At the 10th generation, the Adh-F fre­
quencies of four different selected sublines of the first winery were: 
.50, .75, 1.00, .67; while those of unselected sublines were; .94, .57. 
.34, and .51 respectively. The results of the second strain (from an 
orchard close to a second winery) also seemed disappointing. Again, at 
the 10th generation the Adh-F frequencies of the four selected sublines 
were: .67, .76, .34, .66 and those of unselected sublines were; .72, 
.71, .93 and .73 respectively. The starting point for all 16 sublines 
(selected and unselected) was .52 for Adh-F. 
At the 10th generation, the ADH activities of all 16 sublines were also 
measured (without separating FF, FS and SS flies from each other). The 
ADH activity in both selected and unselected sublines was positively and 
significantly correlated with Adh-F frequency of each subline, but not 
with ethanol tolerance. Therefore, they concluded that adaptive response 
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does not depend on either an increase in Adh-F frequency or an increase in 
ADH activity. And they hypothesized that the role of ADH in ethanol 
tolerance was relevant only at concentrations above 12% ethanol, or per­
haps relevant only to some secondry alcohols but not ethanol. Also, they 
speculated that ADH's role might be in some other, yet unknown processes. 
Mickey and McLean in 1980 reported the results of their survey of 
Adh frequency from a winery in Canada. Adh-F frequency inside winery was 
.51, while less than .5 km from winery it was .47 and more than 3 km from 
winery it dropped to .41. The first and third values were significantly 
different from each other. When alcohol tolerance was tested in the 
different populations on 19% ethanol-supplemented medium, the farther from 
winery the lower was survivorship, but the differences in alcohol toler­
ance were not statistically significant among the populations. Their 
conclusion was that selection on one component of the tolerance (ADH 
electromorphs) must be less intense than the total selection on all com­
ponents of tolerance. 
Marks and co-workers in 1980 (Marks et al. , 1980) reported the re­
sults of their survey of flies in four wineries of California's Sonoma 
Valley. A very large number of D. melanogaster and some occasional D. 
immigrans were found inside the wineries. Outside the wineries they found 
seven or eight species of Drosophila and in most cases D. melanogaster was 
not the most common species outside. Adh gene frequency survey showed 
about the same Adh-F frequency inside and outside. The range was .51 to 
.68 outside and .58 to .67 inside. Also, they brought back some pomace 
samples to lab and reared larvae living inside them. .98% of all counted 
emerging males turned out to be D. melanogaster. In this paper, it was 
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mentioned that in California wineries, unlike those of Australia and Spain 
(older wineries), the wine is almost never physically exposed to air and 
therefore flies cannot use winery-produced alcohols or fermentation fumes 
as food sources. Also, they emphasized that 100% D. melanogaster has been 
found inside wineries even at those times of year when alcohol was not 
present inside wineries. With these regards, they concluded that environ­
mental alcohol may not be the exclusive cause for the observed pattern of 
distribution of D. melanogaster inside and outside wineries. Their sug­
gestion was that either the darkness of wineries could be the simple 
reason for the attraction of D. melanogaster to inside, or the presence of 
D. melanogaster inside could be a behavioral response to other components 
of fermentation fumes (alcohols make only a small fraction of the gases 
emitted). 
In 1981, Gibson and co-workers (Gibson et al., 1981) reported the 
results of surveying the Adh-F frequency in D. melanogaster and the pro­
portion of D. simulans in samples from populations inside and outside 
seven wineries in Australia. The results showed no significant difference 
inside and outside with regard to Adh-F frequency in D. melanogaster. The 
range was .63 to .71 for Adh-F inside wineries and .62 to .72 outside (.1 
km to 6 km away from wineries). With respect to the distribution of D. 
simulans, although they found few flies of this species either inside or 
outside (1 to 10% of total flies caught), less D. simulans was found 
inside than outside. 
This paper provided the readers with some rare information about 
precise ethanol levels in Drosophila's breeding sites, from seepages of 
unfortified wines to those of fortified ones, to decaying fruits and 
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vegetables. Ethanol levels in fortified wine seepages varied from 0.07 to 
10.78% (v/v) with an average of 2.83%. To better show the considerable 
heterogeneity in ethanol level and therefore in the environments to which 
Drosophila is exposed, it was mentioned that in a given barrel of forti­
fied wine, the highest level of ethanol was found close to the point of 
leakage, and the lowest level (.4%) just a few cms away from this point. 
In unfortified wine seapages ethanol levels varied from .00 to 4.57% with 
an average of .087%. The ethanol content of unfortified wine of these 
areas reached up to 10-12%, while that of fortified wine (in Victoria) 
reached as high as 20%. The ethanol levels in samples from 16 types of 
fruits and vegetables (from outside wineries) from which D. melanogaster 
emerged, ranged from .00 to 5.45%. Grape samples themselves had a range 
of ethanol concentrations between .34% and 5.45% with a mean of 1.84%. 
They concluded that ethanol levels in unfortified wineries and de­
caying fruits are about the same; thus, inside and outside wineries 
represent the same type of habitat to D. melanogaster. So, with this 
respect it should not be surprising to find the same Adh-F frequency 
inside and outside wineries for D. melanogaster. Well, this was half of 
the story, the other half was that they still found the same Adh-F fre­
quency in samples from fortified and unfortified wine seepages in the 
three surveyed wineries. Adh-F frequencies in unfortified wine seepages 
ranged from .63 to .68 and in fortified ones from .62 to .68. The con­
fronting problem was that although the ethanol level in an average for­
tified wine was 3 times as high as that of other breeding sites, D. 
melanogaster still had the same Adh-F frequency in both cases. So, at the 
end of the paper, they suggested that the role of Adh polymorphism in 
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ethanol metabolism may not be as important as was previously postulated 
(Gibson et al., 1981). Their conclusion was that D. melanogaster's 
adaptation to alcohol environments does not necessarily change its Adh 
gene frequency. 
McKenzie and McKechnie in 1981 investigated the distribution of the 
Adh-F frequency with respect to time. Samples of all life stages of D. 
melanogaster population of inside "Chateau Tahbilk" winery in Australia 
were taken monthly during a four year period (from February 1975 to 
October 1978). At each collection time, temperature, relative humidity of 
the cellar and pH and ethanol concentrations of the seepages from the 
casks were also recorded. The results indicated: (1) gene frequency 
changes were not correlated with population size fluctuations. (2) The 
existence of a similar yearly trend, that is, Adh-F allele increased in 
frequency during the warmer periods. Adh-F frequency during this four-
year period ranged from .60 to .80 with an average of .70. Yearly 
temperature range was 8 to 22°C. (3) Except for temperature, other 
measured environmental variables did not show any trend with time. Their 
conclusion was that although cellar population goes through bottle neck at 
non-breeding stage annually, similar overall trends in gene frequency from 
year to year is an indication of the action of selection and insignif­
icance of random effects. 
10. Behavioral response to environmental alcohol 
Natural selection acts on phenotypes and not on genes directly. Organ-
ismic behaviors often constitute the phenotype upon which natural selec­
tion acts. Although the most important phenotypic traits like differen­
tial fertility and mortality are not directly behavioral, they are in­
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fluenced to some degrees by organismic behaviors, i.e., the former may be 
influenced by mating behavior and the latter by habitat choice behavior. 
The studies reviewed so far were concerned with alcohol adaptation itself 
and not the possible modes by which flies become adapted to alcohols. 
Natural selection may act upon the Adh locus (and other loci possibly 
involved in alcohol adaptation) at pre-zygotic stage and/or post-zygotic 
stage. Many of the pre-zygotic selective pressures are behavioral like 
aon-radom mating and oviposition site preference. Some of the post-
zygotic selective pressures are behavioral too, like larval and adult 
habitat choice. Habitat choice (in this case alcoholic sources) and more 
specifically oviposition site preference behaviors may have played a 
significant role in the evolutionary divergence of several distant species 
of Drosophila (Heed, 1971; Kaneshiro et al., 1973). Since these two 
adaptive behaviors as well as non-random mating greatly influence or­
ganismic fitness (Thorpe, 1945), this section is devoted to studies about 
them. 
a. Mating preference (in non-alcoholic environment) In 1969, 
Kojima and Tobari proposed the existence of rare Adh genotype mating 
advantage in D. melanogaster. These investigators who already had shown 
frequency dependent selection at esterase-6 locus in D. melanogaster 
(Kojima and Yarbrough, 1967; Yarbrough and Kojima, 1967) suggested again 
that this mode of selection may be operating at the Adh locus as well. 
According to the results of their study, egg-to-adult viability of dif­
ferent Adh genotypes under regular food medium depended on the genotypic 
frequencies at the Adh locus.• When either FF or SS homozygote was present 
in low frequency (10%), its viability was higher than the other genotype. 
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while at high frequency (60%) its viability was reduced. Another case of 
this kind of selection is rare male mating advantage with respect to 
amylase polymorphism (Ehrman and Petit, 1968). 
McKenzie and Fegent in 1980 investigated the mating patterns of 
virgin and inseminated flies of different Adh genotypes. Each Adh geno­
type was marked with one of three colored UV-fluorescent dusts, making 
them visibly distinguishable. The color used for each genotype was ran­
domized between experiments. The results showed that although virgin 
females of each Adh genotype mated equally frequently, they mated with 
Adh heterozygote males significantly more often. In the case of 
inseminated females, they chose the second male randomly but Adh-F remated 
more and Adh-S less than expected. 
To explain this bizarre observation, they mentioned that other 
studies have suggested the possibility of an association between wing 
length and Adh genotype (Pieragostini et al., 1979) and this could be due 
to linkage disequilibrium between the Adh locus and closely linked genes 
which influence wing dimensions (Woodruff and Ashburner, 1979). Since 
wing area influences male mating success, they concluded that their 
results of special mating pattern of flies with respect to Adh locus could 
be more understandable. Heterozygote superiority in mating has also been 
reported in leucine and aminopeptidase-A polymorphism (Aslund and 
Rasmuson, 1978). 
In 1980, the results of Pot and co-workers (Pot et ^ . , 1980) ruled 
out both over-dominance and rare genotype mating advantage as modes of 
natural selection to maintain Adh polymorphism in D. melanogaster. Their 
results instead showed that mating success in male had the order of FF > 
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FS > SS and in female FF > SS (FS females were not significantly different 
from either of homozygotes). They reached their results by mating 4-6 
days old flies of three Adh genotypes in a mating chamber (at 25°C) for 30 
minutes. Then, each copulated pair of flies were electrophoresed to de­
termine their Adh genotypes. Although different proportions of the three 
Adh genotypes were used in different sets of experiments, all showed the 
same results as mentioned above. 
In another paper by the same group (Knoppien et aj^. , 1980), another 
result about mating success of flies was reported. In this paper, it was 
argued that since in laboratory populations kept at 25°C most females will 
have mated within two days after hatching, 4-6 days old flies (as were 
used in the previous experiment) were not accurate representatives of 
mating age. Also, it was assumed that temperature in the temperate 
regions (where flies are usually found) is generally below 25°C. So, the 
previous experiment was repeated with younger females or lowering the 
rearing temperature. The results showed that in both conditions, the 
advantage of FF flies disappeared. Thus, they concluded that differential 
mating behavior does not affect the maintenance of Adh polymorphism. 
b. Oviposition site preference McKenzie and Parsons in 1972 re­
ported that 2 tested strains of D. melanogaster had a small tendency to 
oviposit preferentially on 9% (v/v) ethanol-supplemented medium (54% and 
52% of flies in each strain), whereas 2 tested strains of D. simulans 
exhibited a highly significant preference for regular food medium (70% and 
62%). Later, King and co-workers (King et al., 1976) doing the same ex­
periment found that oviposition site preference with respect to ethanol in 
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D. melanogaster and D. simulans was very variable both within and between 
the two species. 
In 1979, Richmond and Gerking reported the results of their studies 
on oviposition site preference (OSP) in 14 Drosophila species. Flies had 
the choice to lay eggs either in control dishes (regular food) or dishes of 
food supplemented with 9% (v/v) ethanol. D. melanogaster strains tested 
showed high oviposition site preference for ethanol medium with a mean 
percent between 88 to 97. However, six other species including D. 
simulans (with lower ADH activity) showed the same level of oviposition 
site preference for ethanol. Comparing the OSP results of the 14 
Drosophila species with their respective ADH activities of McDonald and 
Avise (1976), they suggested a possible further correlation between adult 
ADH activity and OSP. Although there is no correlation between adult ADH 
activity and oviposition site preference in D. simulans, one can find this 
correlation in D. simulans at very early larval stage. 
Cavener (1979) went one step further and compared OSP between Adh-FF 
and Adh-SS flies of D. melanogaster. Flies were tested on 10% ethanol-
supplemented food medium and on regular food. The results showed no 
differential behavior among the two strains with respect to OSP in ethanol 
medium. Percent eggs laid on ethanol was 42 for Adh-SS and 39 for Adh-FF 
flies. 
c. Larva and adult preference In 1979, Cavener reported the 
results of investigating larval alcohol preference of two strains of D. 
melanogaster, Adh-FF and Adh-SS. Larvae of each strain were placed along 
the mid-line joining two different media in a petridish. One half of dish 
contained agar and the other half agar supplemented with 17% ethanol. The 
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results showed a highly significant differential behavior among larvae of 
the two strains. 68% of all Adh-FF larvae chose the ethanol medium, while 
only 52% of all Adh-SS larvae chose ethanol medium. 
In 1980, Gelfand and McDonald reported their results on studying 
larval alcohol preference in two strains of Adh-F homozygotes, one strain 
of Adh-S homozygote and one Adh-null strain. Their experimental design 
was more complicated than previous work. Larvae were tested under six 
different ethanol concentrations ranging from 2 to 15% at three time 
intervals of exposure to ethanol (15, 30, and 60 minutes). The method of 
ethanol exposure was the same as that of Cavener (1979). The results 
showed that at concentrations above 6% a significant decrease in alcohol 
preference was observed for all genotypes (except Adh-null strain). It 
meant that above 6% larvae started to avoid alcohol; but this avoidance 
behavior was not significantly different among different genotypes at 
concentrations below 10% ethanol. However, at 15% ethanol the two Adh-F 
strains avoided alcohol significantly more than Adh-S strain. 
To explain this negatively correlated avoidance behavior with rela­
tive ADH activity, all strains were pretreated with 2-propanol at first 
(2-propanol acts as inhibitor of ADH activity) and then tested for alcohol 
avoidance. This time a significant decrease in avoidance behavior was 
observed in all strains. Therefore, they concluded that the two Adh-F 
strains avoided ethanol more than Adh-S strain because ADH activity level 
was higher in the former than the latter. It was argued that having higher 
ADH activity results in faster buildup of toxic acetaldehyde (direct 
product of ethanol oxidation by ADH) in Adh-F larvae and therefore death 
could occur at faster rate. And avoidance behavior of Adh-F larvae at 
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high ethanol concentrations is to prevent early death. To test this 
hypothesis (indirectly), larvae of both Adh-F and Adh-S genotypes were 
exposed to acetaldehyde supplemented medium. The results this time showed 
a more or less uniform pattern of avoidance among the larvae of the two 
strains, indicating that all larvae had the same sensitivity to acetalde­
hyde. So, they suggested that larval ethanol preference (or avoidance) 
depends on its rate of acetaldehyde buildup. 
In 1981, Soliman and Knight reported their results of investigating 
adult alcohol preference in D. melanogaster. A T-shaped glass maze was 
used to compare the behavioral responses to ethanol and octanol among 
different Adh genotypes. Flies (1-3 days old) had three choices: they 
could (1) stay at start vial; (2) through narrow glass tubes either go to 
alcohol vial (with a piece of filter paper soaked in 10% ethanol or oc­
tanol solution); or (3) go the other vial (with water-soaked filter paper 
in it). The duration of each experiment was 30 minutes. The results with 
ethanol showed that FS flies (41%) preferred ethanol more than either FF 
(25%) or SS (30%) flies. With octanol, all three genotypes showed more or 
less the same level of octanol preference (about 20%). Also, the results 
showed that significantly more FF flies stayed in start vial than other 
two geneotypes (19%, 13%, and 12% for FF, FS and SS flies, respectively). 
Therefore, they concluded that in natural conditions too, adult flies 
depending on their Adh geneotypes could select their own environments. 
11. Estimates of fitness components 
There are three approaches to assess the action of natural selection. 
One is to correlate in natural populations the frequencies of segregating 
allels (and their ^  vivo functional relevance) with temporal or spatial 
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differences in their environments (see section 9a); the second is to cor­
relate the biochemical differences among allozymes with their differential 
physiological functions vivo (see section 5b); and the third is direct 
measurement of the fitnesses of genotypes for the locus under study. 
Total fitness can be divided into mating (of male and female), fer­
tility (of male and female) and viability (egg-to-adult, and adult) com­
ponents. Studies on mating component have already been reviewed in the 
previous section, and as we saw, not only did different labs get different 
results for this component of fitness but in one case even the same lab 
obtained different results in two slightly different replicates. The 
reaching of different results in these experiments precisely demonstrates 
the state in which investigators have found themselves with respect to 
estimating fitness. Theoretically it is very easy to estimate fitness, 
but technically it is very hard, primarily due to the errors inherent to 
the methods used. In 1974, Lewontin in his book "The genetic basis of 
evolutionary change" wrote: "To the present moment no one has succeeded 
in measuring with any accuracy the net fitnesses of genotypes for any 
locus in any species in any environment in nature." 
Measurement of individual components of fitness, however, is not as 
unattainable, and can serve to explain polymorphism; but caution is needed 
with respect to correlating directly any component of fitness to total 
fitness. One reason among others is that these components are not con­
stant attributes and opposite fitness relations may arise during life 
cycle and/or in response to even minute environmental changes. Since 
mating component and adult viability have been reviewed in previous sec­
tion, and I have not found any paper on measurement of fertility 
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component, this section is totally about studies on egg-to-adult viabili­
ty, except for the last paper which estimates the total fitnesses of Adh 
genotypes. 
In 1972, McKenzie and Parsons reported the results of their egg-to-
adult viability at four different concentrations of ethanol (0, 3, 6 and 
9%) and at three different temperatures (15, 20, and 25°C). The results 
showed that while percentage emergence from larva to adult was different 
for each ethanol concentration (lower emergence rate with higher ethanol 
concentrations), they were more or less the same at 15 and 20°C, and 
considerably higher at 25°C. For example, at 9% ethanol-supplemented food 
about 50% of larvae developed to adults at 25°C, while percentage emerg­
ence were 25% and 20% at 20°C and 15°C, respectively. The Adh genotype of 
three tested strains of D. melanogaster was not determined in this study. 
In 1975, Morgan reported his results. Two strains of flies, Adh-F 
and Adh-S homozygotes, were reared together (with equal numbers) on food 
media supplemented with six different alcohols (cyclohexanol, ethanol, 
butanol, 2-butanol, propanol, and 2-propanol) in low concentrations 
(ranging from .5% (v/v) for cyclohexanol to 5% for ethanol) for one 
generation (each alcohol was used in a separate experiment). After the 
emergence of adults, they were electrophoresed to determine the ratio of 
survival of FF flies to SS flies. The results showed that this ratio 
ranged from 1.4 for 2-propanol to 10 for cyclohexanol, and 1.2 in control 
vials with no alcohol added. Adult emergence ratio was 5 for ethanol. 
Then, the ratio of ADH activity of FF flies over SS flies was measured for 
the same six alcohols, and a significant positive correlation was found 
between the ratio of ADH activity and that of adult emergence on alcohol-
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added food. So, he concluded that the degree to which an alcohol selects 
for FF flies was clearly related to the ratio of activities of FF and SS 
flies vitro. 
Van Delden and co-workers in 1978 (Van Delden et al., 1978) investi­
gated whether under certain environmental conditions deviation from the 
expected 1:2:1 Mendelian ratio would occur or not. In this study, F^ 
flies from crosses between homozygote Adh-F and Adh-S strains were mated, 
and then the F^ generation was raised under 4 different environmental 
conditions. The results showed that for all five tested populations (with 
different geographic origins) there were no significant deviations under 
control conditions, although a tendency toward an excess of heterozygotes 
was noticeable among three populations. 
Under the ethanol medium condition (15% v/v), in all populations the 
number of SS homozygotes was significantly lower than expected, and the 
number of heterozygotes went up significantly. Under the condition of 
combination of ethanol (15% v/v) and high humidity, the number of SS homo­
zygotes was reduced significantly and the number of FF homozygotes showed 
generally an excess. Under high humidity condition, the situation was less 
clear. Out of six crosses only two showed significant increases in the 
number of SS homozygotes. Their conclusion was that different environ­
mental conditions may bring about significant differences in fitness due 
to differential survival of the Adh genotypes in the egg, larval and pupal 
stages. 
Cavener and Clegg in 1981 reported their estimates of egg-to-adult 
joint viability for Adh and aGpdh genotypes. During the first 12 genera­
tions of two cage populations, one under control conditions and the other 
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under ethanol-stressed conditions (the same populations reviewed in 
section 5a), gametic frequencies were estimated by progeny testing. About 
60 males (males were taken, because of their very low rate of recombina­
tion) were sampled from each of the ethanol and control populations in 
each generation and then individually mated to virgin females homozygous 
for both Adh and aGpdh. Observed genotypic numbers of adults in the 
generation were compared to the numbers expected under random mating and 
no selection. The results showed that in the ethanol-stressed population, 
adult genotypic frequency distributions departed from those expected under 
random mating. So, they concluded that this departure was likely a result 
of viability selection under ethanol-stressed conditions. 
After observing viability differences among different genotypes, they 
calculated the approximate two-locus viability selection estimates. Their 
viability estimates represented the average values over 12 generations 
within each population. From these estimates (a total of 18 estimates, 9 
values for 9 different genotypes of each population), it was suggested 
that; (1) a different pattern of viabilities exists between control and 
ethanol environments; (2) an interaction exists between Adh and aGpdh 
genotypes. For example, in the ethanol environment the Adh-SS, a-Gpdh-SS 
genotype had a low viability (.60) compare to control population (.99), or 
the fate of aGpdh-S allele was different depending on whether Adh was 
fixed in SS or FF flies in ethanol environment. Also, while in control 
population the Adh-SF, aGpdh-FF genotype had the highest viability estimate 
(1.16); in the population under ethanol stress the Adh-SF, aGpdh-SS geno­
type had the highest viability estimate (1.29). 
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Using these estimates, expected gene frequency trajectories were 
computed for both Adh and aGpdh (separately) for 50 generations of 
selected and unselected populations, and the results of computer simula­
tions were very similar to the observed gene frequency changes after 50 
generations (see section 5a). It should be mentioned that their viability 
estimates were only from the first 12 generations. 
McKenzie and McKechnie in 1981 reported their estimates of five com­
ponents of fitness (at 20°C and regular food): male mating success, 
female mating success, male fertility, female fertility, and developmental 
rate. They found no differences in male fertility among three different 
Adh genotypes (ranging from 40 to 44 progenies), and developmental rate 
(about 17 days for all three genotypes). However, heterozygote males 
showed a greater mating success, and heterozygote females a higher fer­
tility (43 progenies) than either homozygotes. The overall fitness de­
rived from estimates of all above fitness components was .79 for Adh-F and 
.62 for Adh-S homozygotes to unit Adh heterozygote fitness. Furthermore, 
assuming independence between these fitness components, an average fre­
quency of .64 for the Adh-F allele was predicted by an overdominant 
fitness model. This predicted gene frequency was comparable to .70, the 
average Adh-F gene frequency (of 44-month sampling period) of the popula­
tion under study. 
C. Statement of Problem 
Since the last decade, investigators of evolutionary genetics 
interested in the functional role of Adh polymorphism in alcohol adapta­
tion have been exposed to many conflicting and confusing results about 
this system. The two main questions essential in understanding this 
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adaptive process are; (1) Is alcohol adaptation dependent or independent 
of the ADH system? (2) Are environmental variations actually and direct­
ly involved with the maintenance of the Adh polymorphism? 
As we have seen in the literature review, many groups of investi­
gators have addressed themselves to these questions during the last 
decade, but unfortunately both because of the complex nature of alcohol 
adaptation and different backgrounds of investigators in this field, the 
results of these efforts have been the polarization of different groups 
into various positions with respect to the nature of alcohol adaptation. 
The large Australian group (from the labs of Gibson, Parsons, and 
McKenzie) was the first to become interested in this process, and has 
studied it both in the lab and in D. melanogaster' s natural habitats. 
This group has concluded that D. melanogaster's adaptation to alcohol 
environments is independent of the ADH system. 
Gibson who started all the ADH studies in 1970, after ten years of 
studying the relation between the ADH system and alcohol adaptation, has 
expressed his disillusion with the ADH system in many of his more recent 
papers. Quoting him, "Nevertheless our results cast doubts on the earlier 
tentative conclusion, . . . that differences in levels of ADH activity 
between F and S in D. melanogaster have adaptive significance in natural 
populations in relation to alcohol tolerance." And he went on to say that 
"These results show that adaptation to environmental alcohols in popula­
tions of D. melanogaster can be independent of the ADH system" (Gibson et 
al., 1979). 
Van Delden's group since the mid-seventies has vigorously studied 
alcohol adaptation (Van Delden et a2., 1978). The position of this group 
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is that alcohol adaptation is partially dependent on the ADH system. 
Clarke's group also regards the ADH system responsible for alcohol adapta­
tion, but dismisses many variations in ADH activity and amount as being 
non-genic (Clarke et al., 1979). David's group has been basically 
interested in alcohol adaptation as an ecological parameter related to 
speciation of Drosophila (David et al., 1979). Its position is that 
ethanol tolerance and ethanol utilization are two different traits which 
could be genetically independent, that is, the ADH system is related to 
ethanol tolerance and not to utilization. McDonald's group, addressing 
this adaptive process more from a biochemical angle, regards alcohol 
detoxification and utilization as two aspects, though biochemically dif­
ferent, of the ADH system. Admitting that there is a gap in alcohol 
adaptation research, this group regards this not as an intrinsic problem 
of alcohol adaptation itself, rather a problem in approaching the nature 
of this adaptive process. Another heterogeneous group consists of those 
investigators who regard temperature as the main factor in the maintenance 
of Adh polymorphism. And, of course, there are many other investigators 
whose opinions fall anywhere in between the above-mentioned positions. 
The reason for all the controversies is that within the two main 
questions there are other questions which have been brought to light only 
in recent years. The problem now is that these added questions can be 
answered differently depending on one's stand in overall controversy. The 
additional questions are: 
1. Considering the fact that the Adh-F homozygous genotype has higher ADH 
activity and higher tolerance to environmental alcohol; why does the 
Adh-S allele persist? And why does the Adh-S homozygous genotype, with 
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its lower ADH activity and alcohol tolerance, show higher longevity when 
exposed to environmental alcohol? 
2. Given that in experimental alcohol-stress conditions, the Adh-F allele 
responds with a definite directional increase in its frequency, why has 
the Adh-F allele not gone to fixation in most population cages rather 
than establishing an equilibrium gene frequency of between .80 and .90? 
3. Considering that the Adh-F homozygous genotype has higher alcohol 
tolerance, and that the concentration of alcohol in wine is usually about 
12% (in some wineries it reaches as high as 20%), why has Adh-F allele not 
been fixed in wineries? And why is the Adh-F gene frequency in winery and 
non-winery populations of D. melanogaster similar (about .60 to .70)? 
4. Why has selection for increased ethanol tolerance been achieved only 
for concentrations up to 12% ethanol in most studies? And why is selec­
tion for increased ethanol tolerance on 12% ethanol not associated with 
either an increase in the Adh-F gene frequency or ADH enzyme activity? 
5. Why is there clinal variation in Adh gene frequency? 
Although any of the various groups can give a solution reasonable 
enough to answer one or more of these questions, to best solve this con­
troversy one should look for a kind of solution simple and yet general 
enough to cover all the questions. For example, the solutions of David's 
group and Clarke's group are irrelevant to most of these questions. The 
solution of the Australian group that alcohol tolerance is a polygenic 
trait and most probably independent of ADH system, is general and simple 
enough to cover all these solutions. However, the problem is that too 
many studies argue against this explanation (refer to literature review). 
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If an outsider comes to this research field and asks for one general 
assumption agreeable to the views of all the above groups, that assumption 
would be that a positive correlation exists between ADH activity and 
alcohol tolerance at least with regard to the Adh-F and Adh-S homozygous 
genotypes. Acceptance of the solution of the Australian group means 
completely ignoring this well-established fact. The problems discussed in 
questions No. 3 and No. 4 seem to be strong arguments against the role of 
ADH system in alcohol adaptation. The subject of this dissertation is 
concerned with how to accept the role of the ADH system in alcohol adapta­
tion and still justify these two questions. 
At this point, it is necessary to mention a problem related to ques­
tion No. 4. As mentioned before (page 46), David's group successfully 
selected for increases in both alcohol tolerance and ADH activity. How­
ever, the French strain used in this experiment was already very tolerant 
of alcohol. Its initial tolerance before alcohol selection was 18% 
ethanol (50% mortality after 2 days), a concentration much higher than the 
threshold point of 12% in other strains. Also, this strain was completely 
homozygous for the Adh-F allele to start with. Therefore, selection in 
this case was directed toward regulatory genes of the ADH system. My 
present concern is selection between Adh-F and Adh-S alleles. As we saw 
in another paper (page 53), David's group reported selection for increased 
alcohol tolerance in two other strains, both segregating for Adh-F and 
Adh-S alleles. However, in both cases there is no information about 
whether selection for increased ethanol tolerance was coupled with either 
an increase in Adh-F gene frequency or ADH activity. So, there is the 
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possibility that David's strains also exhibit the same physiological 
response outlined in question No. 4. 
Although it is possible that ethanol tolerance is a polygenic trait 
and independent of the ADH system as the Australian group argues, this 
conclusion is not dictated by facts thus far put forward by any investi­
gator. For example, in the paper of Ziolo and Parsons (1982), they mixed 
together different aspects of the biochemistry of the ADH system (refer to 
page 57). Their experimental condition was set up to investigate the 
effect of ethanol on flies' longevity. But they analyzed the results with 
respect to biochemical properties of ADH at a toxic level of ethanol, 
resulting in high mortality (perhaps because of acetaldehyde buildup). 
Another type of unjustified argument against the role of ADH system 
in alcohol adaptation is the study of Sangiorgi and co-workers (1981). 
Although their conclusion that the Adh locus is not the target of selec­
tion could be right (page 34), the point is that no conclusion should be 
reached after only 5 generations of population cage studies. Because of 
the tremendous "noise" encountered during cage experiments, results are 
reliable only after at least 10 generations. Also, the conclusion of 
Marks and co-workers (1980), that D. melanogaster is attracted to wineries 
because wineries are dark places, is an indirect argument against the role 
of ADH system (page 73). As mentioned in their paper, larvae living in 
pomace samples taken from outside winery (definitely not dark) were all 
D. melanogaster, a point that casts doubt on their conclusion. 
Since the arguments against an ADH role in ethanol adaptation are either 
irrelevant or premature and indirect, the assumption that alcohol adapta­
tion is dependent on the ADH system is still a good alternative. Now, 
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within this alternative, the question is whether alcohol or alcohol-
temperature interactions (see page 56) are responsible for maintenance of 
Adh polymorphism. 
It is by now well-established that there is latitudinal variation 
in Adh gene frequency. But there is no concrete evidence that temperature 
is responsible. Simply obtaining a high correlation between Adh gene 
frequency and a specific environmental factor may not be indicative of 
direct causation. Finding an ^  vivo functional relevance between the 
enzyme under survey and a gi^^en environmental factor is the key to estab­
lishing causation. As mentioned in section 9a, the correlation between 
Adh gene frequency and temperature has been found only in Eastern United 
States and along the Mexican gulf coast. Oakeshott and co-workers (1982) 
did not find any correlation between either maximum or minimum temperature 
and Adh-F frequency in a large survey in three other continents (page 67). 
Also, some reports indicate that such a correlation is premature. For 
example, Malpica and Vassallo (1980) although finding a high correlation 
coefficient, made little mention of the fact that 80% of all surveyed 
locations had an Adh-F frequency of .85 or higher. So, what kind of 
clinal variation are we talking about? 
At the biochemical level, it has been shown by many workers (refer to 
page 38 for references) that Adh-S homozygous genotypes have the highest 
heat stability m vitro. This finding has led to the premature assumption 
that the reason for clinal variation is that Adh-S homozygous flies have 
better fitness at higher temperatures. As it was mentioned before. Van 
Delden and Kamping (1980) did not find higher heat stability in Adh-S 
homozygous flies ^  vivo (page 52). 
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A recent paper in support of the role of temperature in maintenance 
of Adh polymorphism has been given by Sampsell and Sims (page 56). In 
fact, their data support this hypothesis in a limited way, that is, the 
observed differential mortality among five different heat-sensitive 
strains was obtained at low concentrations of ethanol (0-8%). Results at 
concentrations above 8% ethanol is unknown so far. But some indirect 
evidences suggest that at higher concentrations, heat-treated and untreated 
flies would have more or less the same mortality after ethanol exposure. 
Therefore, at high ethanol concentrations survivorship would be again a 
function of the level of ADH activity and not ADH heat-stability. One of 
the indirect indications from this paper is that both heat-treated and 
untreated flies with the Adh-Sm genotype (the lowest ADH activity) show 
more or less the same mortality on 8% ethanol. High mortality of un­
treated flies in this genotype is due to its lower ADH activity which is 
not enough to detoxify 8% ethanol. This could likewise be the reason for 
the same high mortality of heat-treated flies. Also, it was mentioned very 
briefly in this paper that heat-treated flies with different heat-sensi-
tivities show the same survivorship in the absence of ethanol. So if 
ethanol is the rate limiting factor, what is the role of temperature? 
The point is that, although the data presented in this paper clearly 
show that Adh-Fs and Adh-Ss are very sensitive to alcohol stress, the 
two strains have a collective frequency of only about .12% in nature. 
Therefore, the very low fitness of Adh-Fs with a frequency of .02% cannot 
be the reason for the maintenance of Adh-S. And if one argues (as it was 
argued in this paper) that Adh-S is around because Adh-Fs has strongly 
been selected against in nature, then why is Adh-Fr (extremely heat-
95 
resistance) a rare allele also (1.6%)? It is very possible that both 
Adh-Fr and Adh-Fs are newly arisen mutants. 
So with no strong evidence for role of temperature in the maintenance 
of Adh polymorphism, we are left with only the alternatives supported by 
the Van Delden and McDonald groups. There is, however, a significant 
difference between positions of these last two groups with regard to the 
role of alcohol. Van Delden's group regards alcohol important only in the 
maintenance of the Adh-F allele. In their view the Adh-S allele is main­
tained by other environmental factors (i.e., humidity). As mentioned 
before, they do not see any problem with this system including question 
No. 2. Van Delden's answer to this question as he has stated in a recent 
article is "Final fixation of Adh-F allele will occur eventually" (Van 
Delden, 1982). McDonald's group, on the other hand, does not regard 
alcohol as one simple factor, but rather that variation in alcohol con­
centration is a source of heterogeneity in natural habitat of D. 
melanogaster capable of maintaining a balanced polymorphism. The results 
of their studies at lower and intermediate alcohol concentrations are 
consistent with this hypothesis. However, these results alone do not 
cover all five questions. The main subject of this dissertation is to 
further examine the limits of this hypothesis to see if it can answer all 
five questions. 
Another alternative to the differential biochemical effect of ethanol 
at different concentrations, but not mutually exclusive explanation, is 
that Adh heterozygotes have an advantage regardless of the ethanol concen­
tration. No extensive work has been done so far with the Adh heterozygous 
genotype, and our only information is that it has intermediate activity 
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with higher than intermediate alcohol tolerance. Since this inconsistency 
between ADH activity and alcohol tolerance is in disagreement with the 
general assumption of a positive correlation between these two parameters, 
investigators have generally avoided the Adh heterozygous genotype. 
Oversimplifications (such as viewing alcohol as a simple factor with 
only a single biochemical effect) and the ignoring of certain facts (such 
as not characterizing the role of Adh heterozygous genotype), are indeed 
the reasons for the inability of researchers in this field to interpret 
the results more accurately. 
D. Dissertation Format 
In exploring the relationship between the ADH system and alcohol 
adaptation, it has always been assumed that dependence of alcohol adapta­
tion on the ADH system is synonymous with a positive correlation between 
ADH activity and alcohol tolerance. This assumption has been a useful 
guidance in many productive studies up to a certain limit. Beyond this 
limit, it has been precisely this assumption which has led us to the 
present stalemate. The subject of this dissertation is to re-evaluate 
this old assumption for the first time. The result of this re-evaluation, 
as will be discussed later in this dissertation, is that a positive cor­
relation as well as a negative correlation are both different aspects of 
the role of ADH system in alcohol adaptation. As we will see, D. 
melanogaster by alternating its adaptive strategy to either a positive or 
negative correlation, has indeed maintained its Adh polymorphism. This 
species uses this alteration of adaptive strategy to encounter environ­
mental heterogeneity in its natural habitat (due primarily to variation in 
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alcohol concentrations from one rotting fruit to another, hence providing 
a mosaic of micro-environments). 
In other words, stabilizing selection is being proposed in this 
dissertation for maintenance of Adh polymorphism in D. melanogaster. Not 
only as a mode of natural selection, but also as the underlying bio­
chemical mechanism responsible for the behavior of this mode. Three types 
of studies in my research provide evidences for this proposal. These 
three studies were originally designed to explore the nature of alcohol 
adaptation without any intention to reach a mode of selection for ADH 
system. However, the results of all three studies has led to one specific 
conclusion which is stabilizing selection. 
The first study is at the organismic level and was originally de­
signed to compare the rate of alcohol adaptation between the Adh struc­
tural gene and its regulatory gene(s). In this experiment, selection for 
increased ethanol tolerance was followed in six populations of flies with 
different genetic makeups for 7 generations. At each generation, ADH 
activity and amount were measured to determine if a correlation exists 
between these parameters and ethanol tolerance. This study was carried 
out in two ways. Selection for increased tolerance at the adult stage, 
and selection at all life stages. The results of this experiment provide 
the essential evidence for the action of stabilizing selection. 
The second study is again at the organismic level and investigates 
the differential survivorship of flies with three different Adh genotypes 
exposed to different concentrations of ethanol. This study provides the 
underlying biochemical mechanism of stabilizing selection. 
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The third study is at the population level and follows the dynamics 
of Adh gene frequency over 37 generations in 22 population cages supple­
mented with various combinations and concentrations of alcohols. ADH 
activity and amount were measured in the flies of some of these cages to 
obtain more insights to biochemical nature of the response to alcohol 
environments. This study provides indirect evidence for the proposed mode 
of selection. Also, the biochemical results of this study suggest that 
adaptation to alcohol environments may not be the mere process of the 
fixaton of the fittest Adh allele in a given population. 
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II. THE EXPERIMENTS 
A. Selection for Increased Alcohol Tolerance in Drosophila 
melanogaster, Structural Gene Versus Regulatory Gene Adaptation 
1. Introduction 
The importance of regulatory genes in eukaryotic evolution has been 
suggested by many investigators since the early sixties. Among them King 
and Wilson (1975) have argued that since enormous similarities have been 
found in the structure of proteins of humans and chimpanzee, the major 
phenotypic variations between these and perhaps other eukaryotic species 
may be due to the changes in genetic regulation. Hedrick and McDonald 
(1980) recently have proposed an evolutionary model which "predicts that 
changes in genetic regulation would be the favored genetic strategy for a 
population adapting to a sudden and substantial environment change,... 
regulatory change would not likely be favored in situations where adaptive 
fine tuning is required." In this situation..., "Evolution would most 
likely progress via changes at the producer gene level" (Hedrick and 
McDonald, 1980). 
As was reviewed previously, David and Bocquet (1977) selected for 
increased alcohol tolerance in D. melanogaster (refer to page 50) and 
McDonald et al. (1977) showed that this selected line had higher ADH 
activity due to higher amount of ADH molecules. Since a wide range of 
biochemical tests failed to show any differences between structural genes 
of selected and unselected flies, it was concluded that the observed 
increases in ADH activity and amount were likely due to the action of 
regulatory gene(s) resulting in a greater number of ADH molecules. These 
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regulatory genes were assumed to have been selected for during 29 genera­
tions of alcohol selection (refer to page 46). Also, McDonald and Ayala 
(1978) as mentioned before (page 41), demonstrated that some unspecified 
gene(s) of the third chromosome has a great influence on the ADH activity 
and amount. Other studies have also showed the importance of regulatory 
genes on ADH system (refer to section 6). 
Besides the choice between changing structural or regulatory gene(s), 
the rate of an evolutionary change depends on other factors as well. One 
very important factor is the degree of genetic variation within a popula­
tion. According to Fisher's Fundamental Theorem of Natural Selection 
(refer to page 6), the greater the amount of adaptively significant genetic 
variation in a population, the higher the rate of evolutionary change. 
Ayala (1968, 1969) using Drosophila serrata has provided experimental 
evidence for this theorem. But his experiment was not carried out for a 
specific trait, because he used population size as the measure of adapta­
bility, rather than a particular phenotype. 
My first experiment was designed to provide more accurate experimen­
tal evidence for (1) assessing the importance of regulatory gene(s) versus 
structural genes in the rate of an adaptive process, (2) assessing the 
importance of the genetic variation within a population in the rate of an 
adaptive process. In terms of the ADH system, these inquiries are trans­
lated to the following specific questions: (1) is Adh regulatory gene or 
structural gene adaptation more advantageous under alcohol stress condi­
tions?; (2) which population adapts better to alcohol environment, the one 
variable only for one chromosome (either the second chromosome containing 
the Adh structural gene or the third chromosome containing the ADH 
101 
regulatory gene(s) or the population variable for both chromosomes, or the 
population variable for the whole genome? 
2. Materials and methods 
a. Strains of flies The chromosomes used in this experiment were 
derived from D. melanogaster flies collected in Napa County, California, 
in September 1974. Using the balanced-lethal-inversion systems, SM5 
(CY/BIL^) and TM3 (Sb Sr/e^^) (Lindsley and Grell, 1967), wild males were 
single-mated with females from the balanced stock, and after 3 generations 
flies homozygous for a wild second and a wild third chromosome were made. 
Since male offspring from the generation were again mated with the 
balanced stock, the X chromosomes of the double homozygous strains came 
exclusively from the balanced stock. The IV chromosome in D. 
melanogaster is very small and for all practical purposes can be ignored. 
Several strains were obtained by this mating scheme. For this ex­
periment, two of these strains, both homozygous for Adh-F allele were 
used. Although both strains were ADH-FF electrophoretic variants, they 
were different from each other with regard to their ADH activity. Their 
designations are F^-F^ (indicating second and third chromosomes from the 
same fly) and F2~^2 simply F^ and F^. Also, there were several strains 
in our lab with their second and third chromosomes derived from different 
wild flies (McDonald and Ayala, 1978). Each strain was constructed after 
two crosses. In the first cross, one fly with a homozygous wild type 
second chromosome and a heterozygous third chromosome (heterozygous for a 
wild type third chromosome and a third chromosome from balanced stock) was 
mated with another fly with a homozygous third chromosome and a hetero­
zygous second chromosome (heterozygous for a wild type second chromosome 
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and a second chromosome from balanced stock). Those offspring heterozy­
gous for both different wild second and wild third chromosomes and 
second and third chromosomes from balanced stocks were mated together to 
obtain flies with their second and third chromosomes derived from differ­
ent wild flies. Three of these strains were used in this experiment, 
designated as F^-F^, F^-F^, F^-Fg (for example, F^-Fg means that second 
chromosome came from Strain and third chromosome from Strain F^). All 
these three strains are also homozygous for Adh-F allele, but each has a 
different ADH activity. Designations and descriptions of the six strains 
used in this experiment are as the following (see also Table 1): 
1) Strain A; All the flies of this population had the same 
second chromosome derived from Strain F^, but they differed in 
their third chromosome. Some of them had the third chromosome derived 
from Strain F^, some from F^ and some from F^. Therefore, flies of Strain 
A had the same second chromosome but different third chromosomes. Some 
flies of this strain were also heterozygous for different third chromo­
somes. Strain A was obtained by crossing 25 virgin females and 25 males 
of each of three strains of F^-F^, F^-Fg and F^-F^. 
2) Strain B: Strain B had variation in its second chromo­
some; some flies of this strain had the second chromosome derived from 
Strain F^, some from F^ and some from F^, and still other flies were 
heterozygous for different second chromosomes. But all had the same third 
chromosome derived from Strain F^. Strain B was obtained by crossing 25 
virgin females and 25 males of each of three strains of F^-F^, F^-Fg and 
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Table 1. Adh genotypes of six constructed strains of D. melanogaster 
Strain 
Chromo­
some Genotype 
A II F5/F5 
III Fl/Fl, F2/F2, F5/F5, F1/F2, F1/F5, F2/F5 
B II Fl/Fl, F2/F2, F5/F5, F1/F2, F1/F5, F2/F5 
III F2/F2 
AB II Fl/Fl, F2/F2, F5/F5, F1/F2, F1/F5, F2/F5 
III Fl/Fl, F2/F2, F5/F5, F1/F2, F1/F5, F2/F5 
Nat. Inter-crossed of offspring of 16 Adh-F 
homozygote wild-caught females 
Mixed 
Strains 
Homozygote 
Strains 
Homo-1 
Homo-2 
II 
III 
II 
III 
F5/F5 
F5/F5 
F2/F2 
F2/F2 
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3) Strain AB: Strain AB was a mixture of Strain A and Strain 
B, so flies of this strain had variation both in their second and third 
chromosomes. Strain AB was obtained by crossing 25 virgin females and 25 
males of each of five strains of F^-F^, F^-F^, F^-F^, F^-Fg and F^-F^. 
4) Homozygote No. 1, (Homo-1) ; This strain was the original 
Strain F^. So flies of this strain had variation in neither their second 
chromosome, nor in their third chromosome (F^/F^-F^/F^). 
5) Homozygote No. 2 (Homo-2): This strain was the original 
Strain F^. Like flies of Strain Homo-1, it had no variation in its second 
or third chromosome (Fg/Fg-Fg/Fg). 
6) Strain Nat.: This strain was not derived from any lab 
stock but was made by intercrossing the offspring of 16 wild caught Adh-F 
homozygous females. These 16 females were collected in Napa County, 
California, in Otober 1979. Strain Nat. was assumed to be highly variable 
(more than strain AB which was variable for only three different second 
and three different third chromosomes). 
For each of the six strains, two replicates were used and these repli­
cates were kept separately during the entire experiment. Since each 
strain is made of a heterogenous population of flies, it was expected that 
each two replicates of the same strain would show some deviation from each 
other during the course of the experiment. Deviation could arise from 
sampling errors each time a certain number of flies was taken to be 
exposed to an alcohol test. 
b. Determination of alcohol tolerance For each of the six strains 
described above, 52 vials (26 vials with 9 and 26 vials with each con­
taining 10 flies (5-12 days post-eclosion) were set up at every 
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generation. Flies were allowed to fully recover from light etherization 
for a period of 2-3 hours before the test was initiated. Initiation of a 
test consisted of adding to each vial a 2 x 2 inches filter paper tab 
(Watman No. 1) which had been saturated with 1 ml of either water (con­
trol) or a test alcohol-water solution of a specific concentration. Vials 
were immediately sealed with parafilm and placed in the incubator (25°C, 
constant humidity, and lighting). The number of flies alive in each vial 
was counted and recorded after 48 hrs. 
Although the two homozygous populations used in this study were to 
provide some means by which to compare the rate of increase in ethanol 
tolerance in the mixed populations, technically it was not possible to 
start this study with the same ethanol concentration in both groups. The 
reason was that pilot ethanol tests showed that neither of the homozygous 
populations could tolerate a 12% ethanol concentration, that is, at this 
concentration mortality was almost 100% for both of them. Strain Homo-1 
could not even tolerate 10% ethanol. On the other hand, the mixed popula­
tions tolerated 8 and 10% ethanol too well. Since the purpose of this 
study was to select for those flies with higher ethanol tolerance, concen­
trations of 8 and 10% ethanol would not let the flies of mixed populations 
to reveal their variation with respect to ethanol tolerance (10% ethanol 
was indeed a proper concentration for males of the mixed populations, but 
females had a high survivorship percentage at this concentration). So, it 
was decided to start this study with a 12% ethanol concentration for the 
mixed populations and 8% ethanol for the homozygous populations. 
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c. Selection procedure Three points should be mentioned here: 
1) Selection at adult stage (Phase I^) As mentioned above, 52 
vials (each with 10 flies) for each of the six strains were used at every 
generation. Forty of these vials were for ethanol tolerance test and the 
remaining 12 vials were used as their control vials with no ethanol. The 
reason for this discrepancy in the number of vials set for ethanol and 
control flies was that everytime after an ethanol test was done control 
vials were discarded, while flies of those 20 vials (40 vials for two 
replicates of each strain) that had survived the ethanol stress formed the 
parents of the next generation. Therefore, by testing 200 (100 9, 100 cf) 
flies for each replicate of each strain, even if their mortalities became 
as high as 80%, 40 flies would still survive to continue the experiment 
and the fly population would not experience an extreme "bottle-neck". 
Next, the survivors of each ethanol test were transferred to a fresh food 
bottle to serve as the parents of the next generation. Their offspring 
likewise were tested again for the same ethanol concentration or a higher 
one Lwhen higher survivorship than previous generation was observed). 
This procedure was followed for 10 generations for the 4 mixed strains, 9 
generations for Homo-1 and 7 generations for Homo-2. 
2) Selection over the entire life period (Phase II) The 
difference between the phase I and II is that in the latter phase, 3 times 
per week .5 ml 100% ethanol was directly added to the food medium of 
flies. Therefore, these flies spent their entire life cycle in ethanol-
supplemented medium, and not just the 2-days that they were placed in 
ethanol test-vials (as in the phase I of the experiment). This new 
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measurement was assumed to be necessary in case flies would not respond to 
ethanol at adult stage. 
3) Generation time Although developmental time from egg to 
adult in D. melanogaster is about 10 to 15 days, in the phase I of this 
study each generation represents a period of about one month. The reason 
was a technical one, and the time table was as the following: 2 days of 
ethanol exposure of adult flies, 10-13 days waiting for the offspring of 
survived flies to start to hatch, 5 days waiting for the hatching flies to 
make a population size of about 200 flies (9 and to measure their enzyme 
activities, another 5 days waiting for the second group of flies of the same 
generation to hatch and make a population size of about 300 flies (? and 
to test their ethanol tolerance, and 5 days waiting for these 2 groups 
of flies to age between 5 to 10 days (at this age period flies show a 
stabilized level of ADH activity). 
d. Enzyme activity measurement ADH and a-GPDH activities were 
measured by observing the reduction of NAD^ to NADH at 340 mfj, following 
the techniques of McDonald and Avise (1976) and a modification of the 
technique of Avise and McDonald (1976), respectively. Enzyme assays of 
the phase I of the experiment were done in a Beckman ACTA II spectrophoto­
meter and assays of the phase II of the experiment in a Beckman DU-8 
spectrophotometer. The ADH assay mixture consisted of 100 |Jl of crude 
extract, 100 |j1 of 20 mM NAD, and 800 ^1 of 5% 2-propanol all made up in 
100 mM Tris-Hcl buffer (pH 8.6). For a-GPDH assay, 370 mM D-a-glycero-
phosphate was used instead of 2-propanol. Crude extracts were prepared 
from homogenizing 30.0±.02 mg of flies in 1.0 ml of 100 mM Tris-HCL buffer 
(pH 8.6). The homogenate was centrifuged at 10,000 xg for 20 minutes and 
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the resulting supernatant was used in enzyme assay. One activity unit is 
defined as a change of 0.001 absorbance unit/minute at 340 nm. 
e. Immunological technique Antiserum obtained from injection of 
purified ADH-FF into New Zealand white rabbits according to the method of 
McDonald et al. (1977), was used to determine the amounts of ADH protein 
by the technique of radial immunodiffusion (Mancini et aj.., 1965). 10 pi 
of crude extract was loaded into each well (3 mm in diameter) punched 
into immunodiffusion gel with a No. 1 cork borer. Immunodiffusion gel was 
made of 1% agarose and 1% antibody in 100 mM Tris-Hcl buffer (pH 8.6). 
After 2 days (maximum diffusion), each gel was stained for ADH. 
3. Results 
a. Selection at adult stage (Phase I) The results are presented 
in Tables 2 to 14. The results of each replicate are listed separately 
with the mean of the two replicates of each generation on the third line. 
F^ to F g with "V" sign in Tables 2-9 refer to the second part of the 
experiment, when flies were taken off the 12% ethanol concentrations and 
exposed to a lower ethanol concentration; and F^ and F^ with "V" sign in 
Table 10 refer to another change in ethanol concentration for the Strain 
Homo-1. The results of the two sexes are listed either in different 
tables or different sections of a given table. Tables 2, 3 and 10 are the 
results of the survivorship studies. Each value in these three tables 
represent the number of flies which survived out of 100 tested flies 
(normalized to its corresponding control value obtained from control 
flies). The results of the measurements of the ADH activity and GPDH 
activity are given in Tables 4, 5, 8, 9, and 11-14. Each value of the 
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activity measurement in these tables represents the mean of 4 enzyme 
assays (2 samples per replicate and 2 assays per sample). The results of 
the measurements of the amounts of ADH protein (cross reacting material 
(CRM)) are given in Tables 6, 7 and 11-14. Each value in these tables 
represents the mean of 8 values (2 different diameters of each of 4 
stained precipitate rings (2 samples per replicate x 2 aliquot per 
sample)). 
This experiment was initially designed to apply an analysis of 
variance to the results. However, for the following reasons it seemed 
futile to perform this analysis: (1) each strain (except for the two 
homozygote strains) represented a heterogeneous population of flies, 
and as a result sometimes significant deviations were observed among 
replicates of the same strain. Thus, the high variance between 
the replicates would make any variation at other levels (strain, genera­
tion) insignificant; and, (2) different concentrations of ethanol were 
used during the experiment, it seemed meaningless to compare the survivor­
ship at one generation with another one (in which a different ethanol 
concentration was used). 
Student's t-test statistics was used to compare the mean and standard 
deviation of each generation and each strain. The results of the t-test 
are shown in figures 1-12. Each star (") indicates that the corresponding 
value is significantly different from the previous generation. In each 
figure, the mean of the 2 replicates of each different measurement (sur­
vivorship, ADH amount, ADH and GPDH activities) are plotted for each genera­
tion. The results of each strain are as the following: 
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Table 2. Comparison of ethanol tolerance in 9s of 4 mixed strains (A, B, 
AB, Nat.) of D, melanogaster 
Gener- Repli- Percentage Survivorship ± Standard Error 
ation [ethanol]% cate A B AB Nat. 
12 1 43+5.2 39+5.0 41+5.9 34+7.6 
2 36+2.2 64±11.8 83+3.0 34+4.5 
X 39.5+2.9 51.5+7.1 62±6.1 34±3.6 
12 1 32±5.5 38+4.3 39+6.4 17±6.2 
2 34+4.7 30+4.7 55±5.2 21+5.9 
X 33+3.5 34±3.2 47±4.4 19+4.2 
12 1 72±8.9 63+3.3 49+5.3 53±7.4 
2 64±4.6 71+6.9 80±4.2 74±7.3 
X 68+5.1 67+3.9 64.5±4.8 63.5+5.6 
12 1 46+6.2 70+4.9 39+7.9 10±3.0 
2 56+6.4 32+5.5 41±6.9 21±4.3 
X 51+4.5 51±5.7 40+5.1 11.5±2.9 
12 1 83+5.4 42+6.8 27±5.2 6±3.1 
2 10+2.6 73+5.8 24±4.5 50±5.2 
X 46.5±8.5 57.5±5.6 25.5+3.4 28±5.8 
12 1 3+1.5 20±3.1 M M m « 
2 11+2.9 17+6.0 28+5.4 
X 7+1.7 18.5+3.3 14±4.0 
8 1 76+6.0 49±11.2 66±7.3 67+7.0 
2 90±1.5 84±3.1 68±3.6 77+4.3 
X 83+3.6 66.5±7.0 67+4.0 72±4.1 
8 1 96+2.2 86±2.7 93±3.7 83+3.0 
2 94+3.7 88±3.3 76+3.4 100±0 
X 95+2.5 87±2.5 84.5±3 91.5±2.4 
10 1 44±6.9 83±5.2 75+7.0 66±6.0 
2 51±3.9 74±6.7 50+11.3 60+4.3 
X 47.5+3.9 78.5±4.4 62.5±7.3 60+4.2 
10 1 59±5.9 78+4.9 99±1.0 25+7.6 
2 81+3.5 59±4.2 78±3.0 69±5.9 
X 70+4.2 68.5+4.3 88.5±3.0 47±6.6 
V: was taken from F^ (3 generations tested on 12% ethanol) 
Ill 
Table 3. Comparison of ethanol tolerance in <^s of 4 mixed strains (A, B, 
AB, Nat.) of D. melanogaster 
Gener­
ation [ethanol]% 
Repli­
cate 
Percentage Survivorship 1 Standard error 
A B AB Nat. 
F. 12 1 14+3.3 1112. 6 18+4.2 2015.6 1 2 38±6.7 3517. 0 3716.5 1814.8 
X  26±4.5 2314. 9 27.514.3 1913.6 
F. 12 1 13±4.2 2514. ,5 1615.0 913.5 
z  2 6+0.1 1913. 4 412.2 15+6.4 
X  9.5+2.5 22+2. 8 1012.8 12+3.6 
F. 12 1 63±9.1 2716. ,7 2313.0 4518.3 0 2 39±6.6 4116. 3 50111.5 5718.6 
X  5116.2 3414. ,7 36.5+6.5 5116.0 
F, 12 1 27±5.2 3516. , 6 11+4.1 2015.0 4 2 36±7.0 1614. ,3 2514.0 6+2.1 
X  31.5±4.2 25.5+4.3 1813.2 1312.9 
F. 12 1 59±8.2 1012. ,6 312.0 111.0 0 2 2±0.2 3618. ,5 712.6 1912.3 
X  30.5±7.7 2315. 2 5+1.7 1013.0 
F. 12 1 0 6+3. 1 —> — — — 0 2 6±.16 1013. 3 - - 3017.1 
X  3±.82 812. ,3 1514.7 
FI 8 1 51±4.8 4118. ,0 2212.9 5517.8 
2 72±6.3 6915. 4 35+4.5 49+6.2 
X  61.5±4.6 5515. 7 28.513.0 5214.9 
8 1 79±4.8 69+6, .3 7214.9 8513.7 
3  2 7716.0 94+3. 1 8514.4 72110.4 
X  7813.8 81.5+4.4 78.513.0 78.515.6 
FI 10 1 2617.6 2714 .0 2716.3 3214.7 
2 2312.6 2715, .8 1414.8 1313.7 
X  24.513.9 2713, .2 20.514.1 22.513.6 
F: 10 1 36+5.4 3817, .2 8514.4 1413.8 
/ 2 7216.7 3016, .3 4413.6 4016.3 
X  54+5.8 3414, .7 64.515.7 2714.1 
V; was taken from (3 generations tested on 12% ethanol). 
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Table 4. Comparison of ADH activity in $s of 4 mixed strains (A, B, AB, 
Nat.) of D. melanogaster 
Gener- Repli- Mean activity ± Standard error 
ation [ethanol]% cate A B AB Nat. 
F 0 1 13.44±.02 7.66±.41 8.04±.15 6.32±.06 
2 12.57±.ll 8.90±.12 8.351.35 7.61±.29 
X 13.00±.25 8.281.28 8.191.12 6.981.28 
F 12 1 15.341.18 7.141.11 8.381.08 6.391.18 
2 14.351.30 6.291.22 8.231.23 7.221.11 
X 14.741.30 6.721.18 8.301.17 6.791.12 
F 12 1 13.291.11 12.121.59 13.091.07 10.171.13 
2 9.121.09 11.421.15 11.081.20 8.291.10 
X 11.221.81 11.781.26 12.091.40 9.181.34 
F, 12 1 11.611.39 14.681.26 11.411.09 8.161.32 
2 14.681.17 13.271.15 13.101.27 9.691.24 
X 13.161.63 13.991.34 13.261.37 8.941.33 
F 12 1 11.121.19 9.551.29 10.251.33 8.691.23 
2 10.311.58 9.381.12 11.911.38 10.001.17 
X 10.701.25 9.471.17 11.091.36 9.361.29 
F, 12 1 12.151.29 10.201.24 12.801.46 8.591.19 
2 11.181.66 8.831.14 7.481.24 11.201.22 
X 11.741.28 9.511.31 9.761.93 9.901.51 
FY V 1 11.611.39 14.681.26 11.411.09 8.161.32 4 
7 
2 14.681.17 13.271.15 13.101.27 9.691.24 
X 13.161.63 13.991.34 12.261.37 8.941.33 
V 
F^ 8 1 8.241.44 9.131.33 8.121.30 11.721.40 
2 9.451.13 11.321.34 10.211.18 9.251.07 
X 8.851.29 10.251.48 9.171.43 10.441.25 
FY 10 1 10.271.17 10.511.12 12.751.24 11.151.33 
2 9.261.27 10.571.32 8.831.14 10.821.12 
X 9.771.22 • 10.541.10 10.791.79 10.981.17 
F^ 10 1 10.031.33 11.241.40 11.661.19 11.141.55 
2 10.291.39 11.001.38 8.941.21 10.621.23 
X 10.191.25 11.121.20 10.301.57 10.881.18 
: FY is the same as F,. FYVpY were tested on different ethanol concentra-
tion than F^-F,. 5 o 
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Table 5. Comparison of ADH activity in of 4 mixed strains (A, B, AB, 
Nat.) of D. melanogaster 
Gener- Repli- Mean Activity ± Standard Error 
ation [ethanol]% cate A B AB Nat. 
F O X  1 0 . 1 2 ± . 0 4  6 . 5 5 ± . 0 3  5 . 2 5 ± . 1 3  4 . 8 9 + . 1 0  
2 9.97+.27 5.62±.04 5.04±.04 5.53±.09 
X 10.041.12 6.10±.12 5.15±.08 5.21±.25 
F 12 1 11.19±.03 5.61±.25 5.93±.07 5.07+.07 
2 12.471.18 4.321.13 5.791.05 6.351.01 
X 11.961.33 4.971.28 5.861.07 5.711.13 
F 12 1 6.201.16 9.381.05 9.601.12 8.171.09 
2 8.661.19 8.301.16 8.021.17 6.361.26 
X 7.441.50 8.761.19 8.811.32 7.271.37 
F, 12 1 9.101.07 11.111.11 8.081.10 6.471.08 
2 11.471.08 9.671.13 9.311.10 7.861.09 
X 10.301.45 10.401.29 8.701.24 7.171.27 
F 12 1 9.401.13 8.631.24 7.841.27 6.581.17 
2 7.271.19 6.581.15 8.321.21 8.461.11 
X 8.351.44 7.611.41 8.081.17 7.531.37 
F, 12 1 8.571.25 8.051.25 8.111.22 7.321.13 
2 6.381.21 6.001.19 5.981.07 7.411.08 
X 7.501.46 7.031.41 7.061.43 7.371.13 
FT V 1 9.101.07 11.111.11 8.081.10 6.471.08 
4 
7 
2 11.471.08 9.671.13 9.311.10 7.861.09 
X 10.301.45 10.401.29 8.701.24 7.171.27 
Fg 8 1 6.731.02 6.771.15 6.901.22 7.331.16 
2 7.211.12 8.091.41 7.081.13 9.501.29 
X 6.971.11 7.521.37 6.991.10 8.421.44 
FY 10 1 7.681.07 8.631.13 10.511.10 9.231.16 
2 6.851.08 9.431.15 6.901.02 9.671.23 
X 7.281.17 9.031.13 8.711.73 9.381.12 
F^ 10 1 8.201.46 8.901.23 9.671.33 9.441.15 
2 8.501.10 9.531.09 7.311.12 9.321.17 
X 8.121.22 9.221.17 8.491.55 9.381.18 
V; FY is the same as F,. FY-FY were tested on different ethanol concentra-
tion than IL-F,.* ^ ^ 5 D 
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Table 6. Comparison of relative amounts of ADH determined by radial 
immunodiffusion in 9s of 4 mixed strains of D. melanogaster 
Gener- Repli- Mean I.D. ring diameter (mm) ± Standard Error 
ation [ethanol]% cate A B AB Nat. 
F O I  1 2 . 0 0 ± . 1 0  1 1 . 2 5 ± . 3 2  1 1 . 3 1 ± . 1 2  1 0 . 8 8 + . 0 7  
2 12.00±.20 10.75±.43 10.81+.12 ll.OOt.OO 
X 12.00±.ll 11.00±.27 11.061.12 10.941.04 
F 12 1 11.751.18 10.191.12 10.811.41 11.191.19 
2 11.251.14 11.311.22 10.381.22 10.751.18 
X 10.501.14 10.661.21 10.591.23 10.971.15 
F 12 1 11.001.10 12.381.46 13.501.10 11.561.21 
2 13.131.44 12.441.16 12.501.23 10.501.18 
X 12.031.47 12.411.23 13.001.22 11.031.24 
F, 12 1 11.501.68 12.881.13 12.001.34 10.311.62 
2 13.131.22 12.381.26 12.311.12 11.941.16 
X 12.311.45 12.631.16 12.131.17 11.131.43 
F 12 1 13.881.24 12.031.35 12.001.31 9.941.06 
2 12.381.30 11.941.06 12.191.19 11.501.29 
X 13.131.33 11.981.16 12.091.17 10.721.33 
F, 12 1 13.191.59 11.881.13 10.881.13 9.941.26 
2 12.881.22 11.131.07 12.001.00 11.751.14 
X 13.031.30 11.501.16 11.441.22 10.841.37 
F^ V 1 11.501.68 12.881.13 12.001.34 10.311.62 4 
7 
2 13.131.22 12.381.26 12.311.12 11.941.16 
X 12.311.45 12.631.16 12.131.17 11.131.43 
V 
F^ 8 1 13.091.14 10.861.32 11.791.12 11.051.32 
2 12.731.19 10.791.18 12.141.30 11.621.22 
X 12.911.13 10.821.17 11.971.16 11.331.21 
pY 10 1 12.511.14 12.511.15 11.651.08 11.261.08 
2 11.991.12 10.641.37 10.501.08 10.691.25 
X 12.251.13 11.601.40 11.071.32 10.981.16 
F„ 10 1 11.991.01 12.801,15 10.351.01 10.611.24 
2 12.871.48 11.571.14 10.641.11 10.331.30 
X 12.441.28 12.181.25 10.501.08 10.481.18 
_ _ _ 
: F. is the same as F,. F_-F, were tested on different ethanol concentra-
tion than F.-F,.^ ^ 6 
5 6 
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Table 7. Comparison of relative amounts of ADH determined by radial 
immunodiffusion in "^s of 4 mixed strains of D. melanogaster 
Gener-
ation [ ethanol ]7o cate A B AB Nat. 
F, 0 1 13. 25±. 14 13. 00±. 20 12. 94+. 33 11. 63±. 2 2  1 2 13. ,25±. 10 13. 00±. 58 12. 561. 19 13. 00±. 31 
X  13. 25±. 08 13. 00±. 28 12. 75+. 19 12, .31±. 31 
FG 12 1 13. ,50±. 20 11. 75±. 18 12. ,06±. 26 13, .44±, .21 
z  2 13. ,13±. 13 13. 75±. 10 12. ,69±. 19 12. . 44±. 21 
X  13. 31±. 13 12. 75±. 39 12. 38±. 19 12. 94±. 24 
F. 12 1 12. ,06±. 60 13. 13±. 31 14. 56±. 30 13, .19±. 46 J 2 13. 94±. 36 13. 69±. 60 13. 06±. 06 12, .00±. 58 
X  13. 00±. 48 13. ,41±. 33 13. 81±. 32 12, .59±. 41 
F4 12 1 13. ,25±. 31 15. 25±. 14 12, .94±. 12 12, .88±. 13 
2 14. ,88±. 24 13. ,56±. ,26 13, .75±. 18 12, .81±, .47 
X  14, ,06±. 36 14. ,41±. 35 13. 34±. 18 12, .84±. 23 
F. 12 1 15, ,00±. 10 14. ,19±, 84 14, .31±. 16 12, .38±, .24 0 2 14.88±. 77 13. ,63±. ,38 14. 69±. 19 14, .50±, .29 
X  14, ,94±. 36 13. 91±. 44 14, .50±. 13 13, .44±, .44 
FG 12 1 14. ,75±. 25 14, ,50±, ,20 12, .81 + . 12 11, ,81±, .12 
2 13, ,25±. 43 13. ,16±. 14 13, .31+. 49 13, ,44±, .33 
X  14, .00±. 36 13, ,83+, ,28 13, .06±. 25 12 .63±, ,35 
FI V 1 13, .25+. ,31 15, .25±, .14 12, .94±. 12 12 .88±, .13 
2 14, ,88±. 24 13, ,56±, .26 13, .75±. 18 12, .81±, .47 
I-V 8 
8 
X  14, .06±. 36 14, ,41+, .35 13, .34±. 18 12, .84±, .23 
1 14, .02±. ,08 14, .16±, .00 13, .05±. 25 13 .05±, .33 
2 13, .35+. 19 14, ,09±, .07 13, .35±. 22 14, .02±, .08 
X  13, .68+. 19 14, ,12±, .04 13, .20±. 17 13, .53±, .24 
F: 10 1 13 .64+. ,14 14, ,61±, .15 13 .13±. 37 12 .98±, ,41 
/ 2 13, .79±. 25 12, ,91±, .19 11, .58±. 14 12, .91±, .39 
X  13 .72+. ,14 13, .76±, .34 12 .35±. 34 12 .94±, .26 
10 1 13 .05+. ,44 15, .04±, .10 12, .25±. 26 12 .98±, .37 
2 14 .31+. ,08 14, .31+.77 11, .95±. 28 12, .61±, .33 
X  13 .68+. 32 14, .68±, .39 12, .10±. 19 12 
+1 as 
.24 
F, is the same as F,. 
tion than EL-F,. 5 6 
V V 
F^-Fg were tested on different ethanol concentra-
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Table 8. Comparison of a-GPDH activity in 9s of 4 mixed strains (A, B, AB, 
Nat.) of D. melanogaster 
Gener- Repli- Mean Activity ± Standard Error 
ation [ethanol]% cate A B AB Nat. 
F O I  5 . 8 0 ± . 1 6  5 . 3 9 ± . I 0  5 . 8 1 ± . 0 8  5 . 3 5 + . 1 0  
2 5.75+.03 6.20±.16 6.19±.35 6.46+.14 
X 5.78±.07 5.81+.18 5.99±.12 5.91+.22 
F 12 1 7.48±.20 4.58+.18 5.70±.08 4.82+.11 
2 6.84±.02 4.79±.07 5.89±.15 5.48+.07 
X 7.16±.20 4.70É.07 5.80±.10 5.14+.08 
F 12 1 7.40±.LL 7.71±.07 7.24±.07 6.33±.07 
2 9.16±.12 7.25±.20 6.62±.20 6.13±.06 
X 8.55±.44 7.51+.32 6.93±.17 6.23+.06 
F, 12 1 5.94±.06 8.22±.33 8.20+.27 5.90+.10 
2 8.001.14 8.81±.17 5.94±.06 7.02+.27 
X 6.99±.40 8.57±.46 7.09±.46 6.48±.26 
F 12 1 6.96+.04 6.41±.16 6.50±.17 6.31+.19 
2 6.08±.19 6.50±.12 7.62+.21 6.89+.04 
X 6.38+.25 6.46±.07 7.071.23 6.60+.17 
F, 12 1 7.221.47 6.041.08 8.001.27 6.261.07 
2 6.241.06 5.241,07 4.821.06 7.09+.11 
X 6.741.21 5.661.17 6.411.61 6.641.22 
FT V 1 5.941.06 8.221.33 8.201.27 5.901.10 4 
6 
7 
2 8.001.14 8.811.17 5.941.06 7.021.27 
X 6.991.40 8.571.46 7.091.46 6.481.26 
FY 8 1 6.031.20 5.371.18 5.391.09 7.321.16 
2 7.301.21 6.911.15 6.611.25 6.301.10 
X 6.661.31 6.131.36 6.021.29 6.811.20 
FY 10 1 6.341.09 6.981.08 7.761.16 7.731.12 
2 5.611.16 6.931.11 6.061.06 7.891.04 
X 5.981.15 6.961.03 6.921.32 7.811.18 
F% 10 1 6.211.10 7.281.20 7.281.19 7.741.22 
2 6.331.10 7.041.16 5.941.10 7.961.11 
X 6.281.09 7.161.09 6.671.28 7.851.08 
: FY is the same as F,. FY-FY were tested on different ethanol concentra-
tion than F^-Fg.* ^ ^ 
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Table 9. Comparison of a-GPDH activity in of 4 mixed strains (A, B, AB, 
Nat.) of D. melanogaster 
Gener- Repli- Mean Activity ± Standard Error 
ation [ethanol]% cate A B AB Nat. 
0 1 4. , 44±. 12 4. 87±. 05 3. 811. 02 4. 091. 04 
2 4. 40±. 02 4. 13+. 02 4. 041. 02 4. 681. 05 
X 4, .42±. 05 4. ,51±. 10 3. 931. 07 4. ,381. 12 
^2 12 1 4. ,21±. 13 2. 99±. 02 3. 821. 01 3. ,421. 05 2 4. ,59±. 10 3. ,31±. 11 4. 021. 07 3. ,931. 02 
X 4, .40±. 16 3. ,15±. 09 3. 921. ,07 3. ,671. 04 
F. 12 1 3. ,69±. 22 4, 65+. ,11 4. 901. ,05 4. , 491. 01 
o 2 4. 31±. 12 4. ,97±. 18 4. 611. ,04 4, ,421. 02 
X 3. ,98±. 20 4. ,83±. 21 4. 771. ,11 4. ,461. 09 
F4 12 1 5. 01±. 11 4, ,59±. ,13 5. 411. ,10 3. ,751. ,15 
2 6, .25±. 08 4. ,49±. 57 4. 181. ,02 5, ,161. ,14 
X 5. ,63±. ,24 4, ,54±, 44 4. 801, ,24 4, .461. ,28 
F. 12 1 5, .00±. ,10 4. ,82±. ,13 4. 801. ,05 4, 601, ,10 D 2 4, .09±. ,05 4, ,06±. ,17 4. 841, ,08 5, ,141. ,05 
X 4, .57±. ,20 4. ,45±. ,18 4. 821, .04 4, .871. ,16 
F. 12 1 4 .55+. ,07 4, .56±. 08 5. 491. 08 4, .841. ,08 0 2 3 .91±. ,09 3. ,52±, ,06 3. 651, .02 4, .411, ,16 
X 4, .25±. ,16 4. ,04±. ,21 4. 441. 38 4, .631. ,15 
FI V 1 5. 01±. ,11 4, .59±, ,13 5. 411, .10 3. 751. ,15 
2 6, .25±. ,24 4. ,49±, ,57 4. 181. ,02 5. ,161. ,14 
X 5 .63±. ,24 4, .54±, .44 4. 801, .24 4 .461. ,28 
4 
8 -
FI 8 1 3 .52±. 11 3 .19+. 10 3. 711. 02 3 .731. ,25 
2 5 .05+. ,05 4. 46±, ,04 3. 921. ,04 4. ,561. ,11 
X 4 .28±. 42 3 .83±, .28 3. 821, .05 4 .151. ,19 
10 1 4 .00±, .06 4, .86±, .10 4. 921. 08 5, .401, ,15 
/ 2 3 .48±. 02 5 .04±, .13 3. 921, .08 5 .591. ,08 
X 3 .74±, .10 4, .961.08 4. 421, .23 5 .511. ,06 
FI 10 1 4 .111, .13 5 .151, .08 3. 86+ .02 5 .781. 16 0 2 4 .21±, .02 5, .091. 08 5. 161. 13 6 .001. ,03 
X 4 .17±. 07 5, .131, .04 4. 571, .24 5 .891. ,11 
V V V 
V: F, is the same as F,. F -F, were tested on different ethanol concentra­
tion than F^-Fg. 
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Table 10. Comparison of ethanol tolerance in 2 homozygote strains (Homo-1, 
Homo-2) of D. melanogaster 
Gener­
ation [ethanol]% 
Repli­
cate 
Percentage Survivorship 1 ± Standard 1 Error 
Homo-1 9 Homo-2 9 Homo-1 cf Homo-2 cf 
F, 8 1 96±2.2 56+7.6 87±4.5 21+4.8 1 2 93±3.7 80+4.5 91+3.1 31+5.9 
X  94.5±2.1 68+4.8 89+2.7 26+3.4 
10 1 59±10.7 — — ^ 30110.7 w • 
z  2 80±6.5 29±9.5 -
X  69.5+6.6 29.517.0 - - -
FY 10 1 5.0±1.7 — — — 3.011.5 — — 
o 2 40±3.9 2114.5 
X  22.5±4.5 1212.9 
Fp 8 1 86+3.9 75±6.2 5915.0 57+7.2 
z  2 79±2.8 78±4.2 7713.8 46+7.5 
X  82.512.4 76.5±3.7 6813.4 51.515.2 
F. 8 1 77+4.5 42±5.3 6718.2 54+4.9 
J  2 90±2.9 57±6.4 7013.9 2217.0 
X  83.5±2.9 49.5±4.4 68.514.5 38+5.2 
F4 8 1 42±5.7 91±2.3 2015.8 8015.0 
2 59±5.2 91+2.8 4019.6 6218.6 
X  50.5±4.1 91±1.8 30+6.0 71+5.0 
Fc 8 1 86±5.2 89±6.7 82+4.2 45+9.3 0 2 86±5.4 90±4.7 7019.3 5915.8 
X  86±3.7 89.5±4.0 7615.6 5215.4 
Fg 10 1 90±3.7 64±5.2 3917.8 24+5.2 
2 60±5.5 60±9.6 5015.9 31+3.3 
X  75±4.6 62+4.8 44.514.7 27.512.9 
F, 10 1 89±2.8 52±4.4 6317.7 4.011.6 
i 2 93±3.1 52±6.2 7217.3 17+5.8 
X  91±2.1 52±3.7 67.515.2 10.513.3 
V: and F^ both were taken from F^. 
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Table 11. Meaa ± standard error of ADH activity, amounts of ADH cross-
reacting material (CRM), a-GPDH activity and weight/fly (mg) of 
9s of Homo-1 strain 
Gener- Repli- ADH ADH a-GPDH Weight/ 
ation [ethanol]% cate Activity Amount Activity Fly 
F, 0 1 ' 14.70±.30 13.31±.19 8.22±.13 1.301.01 
^ 2 10.321.41 11.941.06 5.811.25 .961.02 
X 12.191.97 12.631.28 7.161.48 1.131.10 
F, 8 1 10.651.23 13.441.21 6.731.08 1.161.00 
2 . 8.401.25 11.661.37 5.491.11 1.091.03 
X 9.521.46 12.551.39 6.101.24 1.121.02 
Q — — — « — MM* * • — 
p* Q * « « * 
4 
Fc 8 1 9.681.21 12.111.42 6.881.35 1.061.02 
^ 2 9.601.41 13.051.16 6.001.11 1.111.01 
X 9.641.24 12.571.28 6.441.22 1.091.02 
6 
^7 
^8 
10 1 12. ,641. 39 11. ,671. 32 8. ,121. ,20 1, 231, ,03 
2 13. ,671. ,33 11, ,671. 19 8, ,041. ,13 1. ,251. ,01 
X 13. ,161. ,42 11, ,671. ,17 8, ,081. ,08 1. ,241. ,01 
10 1 11. ,071, ,36 10. 881. 08 6, ,791, ,04 1. ,081. 00 
2 11. ,641, ,28 10. ,731. 12 7, 081. ,04 1. 211. ,05 
X 11, ,371, ,31 10. ,801. 07 6. ,941. ,11 1. 141. ,04 
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Table 12. Mean ± standard error of ADH activity, amounts of ADH cross-
reacting material (CRM), a-GPDH activity and weight/fly (mg) in 
of Homo-1 strain 
Gener- Repli- ADH ADH a-GPDH Weight/ 
ation [ethanol]% cate Activity Amount Activity Fly 
F, 0 1 10.47+.29 15.69+.23 5.08±.15 .87+.08 
2 9.01+.08 12.56+.28 4.191.08 .631.01 
X 9.651.34 14.131.61 4.631.18 .751.08 
F, 8 1 8.841.10 15.811.19 4.891.10 .771.01 
2 6.301.11 14.161.45 4.651.02 .651.00 
X 7.571.49 14.981.39 4.271.24 .711.03 
^ — — — — « * 
J* Q • •• -» « « » ••• « — 
4 
F, 8 1 7.731.33 12.251.08 4.201.07 .671.02 
^ 2 7.821.16 13.871.21 4.181.09 .681.00 
X 7.781.22 13.051.32 4.201.07 .671.01 
6 
^7 
^8 
10 1 11.071.40 14. 021. ,28 5. ,631. ,05 .811. ,06 
2 9.971.21 13. 201. ,14 5, ,331. ,28 .781. ,01 
X 10.521.33 13. 611. ,21 5. ,481. ,16 .791. ,02 
10 1 8.571.18 12. 911. ,14 4. ,751. ,07 .681. ,00 
2 9.281.28 13. ,051. ,07 4, ,901. ,09 .751. ,02 
X 8.911.19 12. ,981. ,08 4, ,821. ,06 .721. ,02 
121 
Table 13. Mean ± standard error of ADH activity, amounts of ADH cross-
reacting material (CRM), a-GPDH activity and weight/fly (mg) in 
9s of Homo-2 strain 
Gener­ Repli­ ADH ADH a-GPDH Weight/ 
ation [ethanol]% cate Activity Amount Activity Fly 
F. 0 1 7.64±.29 9. 751.25 5.111.11 1. ,081.04 1 2 9.79+.21 10. 811.28 6.131.21 1. ,261.00 
X 8.831.38 10. ,311.27 5.591.22 1, 171.06 
F. S 1 8.691.12 9. ,941.06 5.581.12 1. ,161.01 L 
2 7.591.16 10, 631.24 4.901.12 1, 221.03 
X 8.141.24 10. ,281.17 5.261.14 1, 191.02 
^3 8 
- —" 
---
- - - - - -
8 --- --- ---
3 1 9.231.27 10. ,451.11 5.931.13 1, .001.00 0 2 7.791.27 10, .381.32 4.731.15 ,911.00 
X 8.511.32 10, .421.16 5.331.24 .961.03 
8 - - - - - -
F. 10 1 8.861.11 11, .091.17 5.681.16 ,951.02 
/ 
2 9.111.07 9 .101.21 5.861.11 1, .071.00 
X 8.991.09 10 .521.24 5.781.11 1. 011.04 
Fg 10 1 • 9.861.24 10 .801.07 5.941.06 .971.04 O 
2 9.321.11 11, .021.42 6.851.24 1. 021.02 
X 9.601.15 10 .921.20 6.391.20 .991.02 
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Table 14. Mean ± standard error of ADH activity, amounts of ADH cross-
reacting material (CRM), a-GPDH activity and weight/fly (mg) in 
of Homo-2 strain 
Gener­
ation [ethanol]% 
Repli­
cate 
ADH 
Activity 
ADH 
Amount 
a-GPDH 
Activity 
Weight/ 
Fly 
^1 
0 1 
2 
X 
5.43+.05 
7.97+.25 
6.96+.50 
12. 
13. 
12. 
,25+.23 
00±.18 
,63±.19 
3.491.05 
4.831.14 
4.161.26 
.691.01 
.841.00 
.771.04 
^2 
3 1 
2 
X 
6.65+.16 
7.13±.12 
6.89±.14 
11. 
12, 
12, 
,63±.26 
,56+.21 
09±.24 
3.731.07 
4.411.10 
4.071.14 
.681.01 
.731.01 
.701.01 
^3 
8 --- --- --- - - -
8 --- ---
^5 
8 1 
2 
X 
5.64±.28 
5.72±.12 
5.68±.18 
11, 
12, 
11. 
.53±.30 
11±.14 
82+.19 
3.541.02 
3.121.11 
3.351.12 
.601.02 
.541.01 
.571.02 
8 --- --- - - -
Fy 10 1 
2 
X 
7.44±.05 
7.80±.15 
7.621.14 
11, 
11, 
11, 
.67±.19 
.96+.39 
.82+.21 
4.041.06 
4.221.07 
4.131.05 
.621.01 
.671.02 
.641.02 
Fg 10 1 
2 
X 
7.78±,22 
7.59+.10 
7.73+.15 
12, 
12, 
12, 
.11±.24 
.331.28 
.211.17 
4.111.02 
4.341.06 
4.221.05 
.641.01 
.641.01 
.641.01 
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1) Strain A As mentioned before, this strain had variability 
at its third chromosome (ADH regulatory gene(s)). Ethanol tolerance of this 
strain on 12% ethanol was tested for 6 successive generations. By the 
third generation, flies showed for the first time a significant positive 
response to selection, e.g., in males survivorship went up from 26% in the 
first generation to 51% in the third generation. The next generation, 
however, was tested again on 12% ethanol, because the procedure was to 
carry out the experiment on 12% ethanol until 80% of flies could survive. 
However, in the fourth and fifth generations, survivorship decreased in 
such a way that at the sixth generation the number of surviving flies was 
too small to further continue the experiment on 12% ethanol. 
The flies of the third generation which had high ethanol tolerance 
were instead used to continue the experiment, this time with 8% ethanol. 
In the second generation on 8% ethanol, flies responded quickly to selec­
tion by increasing their survivorship from 61.5% to 78%. Thus, in the next 
generation ethanol concentration was increased to 10%. In the first 
generation on 10% ethanol (F^^), the survivorship dropped again, but that 
was reasonable because at this generation ethanol stress was higher than 
previous generation. It should be mentioned that in this generation 
(Fg^), the survivorship in both sexes dropped to a level very close to 
that of the first generation. In the second generation on 10% ethanol, 
however, flies showed that they still had enough variability to respond 
positively to selection again. The survivorship of males increased from 
24.5% to 54% (Tables 2, 3; Figs, l.a, 2.a). 
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Fig. 1 Selected responses of the females of Strain A. Generations 
1-6 were tested on 12%, 4^-5^ on 8% and 6^-7^ on 10% ethanol. 
*(P<0.05), **(P<0.01), ***(P<0.001) student's t-test, signif­
icantly different from the previous generation. 
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Fig. 2 Selected responses of the males of Strain A. Generations 
1-6 were tested on 12%, 4^ -5^  on 8% and 6^ -7^  on 10% ethanol. 
*(P<0.05), **(P<0.01), ***(P<0.001) student's t-test, signifi­
cantly different from the previous generation. 
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At the level of ADH activity, the response of Strain A was unique 
compared to those of the other strains. To start with, Strain A because 
of the influence of the ADH regulatory gene(s) of the third chromosome, 
and also because it was fixed for Adh structural gene of Strain (with 
the highest ADH activity and amount), always had a much higher ADH activi­
ty than the other mixed strains, before the experiment was started. In 
the generation ADH activity went up significantly, but dropped dras­
tically by the F^ generation. This variation in ADH activity continued 
until the last generation of the experiment, without showing any sign of 
selection for increased ADH activity. Indeed, the response was inversely 
significant, that is, at the last generation, ADH activity was significant­
ly lower than that of F^ (Tables 4, 5; Figs, l.b, 2.b) in both sexes. At 
the same time, the amount of ADH in the last generation was not signifi­
cantly different from the F^ generation, although it showed some variation 
during the experiment (Tables 6, 7; Figs, l.c, 2.c). a-GPDH activity was 
more or less the same during the entire experiment with the exception of 
the F^ and F^ generations in which activity significantly went up in males 
and females, respectively. By the last generation, a-GPDH activity was 
significantly higher than the F^ generation in both sexes (Tables 8, 9; 
Figs, l.d, 2.d). 
2) Strain B This is the strain which was variable for the 
second chromosome, that is, the Adh structural locus. At the level of 
ethanol tolerance, again like Strain A, by the F^ generation both sexes of 
Strain B had significantly higher survivorships. But again by Fg, survivor­
ship was so low that the experiment on 12% ethanol had to stop. In the 
second generation on 8% ethanol, like in Strain A, survivorship significantly 
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rig. 4 Selected responses of the males of Strain B. Generations 
1-6 were tested on 12%, 4^-5^ on 8% and 6^-7^ on 10% ethanol. 
*(P<0.05), **(P<0.01), ***(P<0.001) student's t-test, signif­
icantly different from the previous generation. 
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went up. But on 10% ethanol, Strain B for the first time showed a differ­
ent response than that of Strain A. In this case, although both sexes 
showed a drop in survivorship by (very drastically in the males), 
neither showed significant improvement in the second generation on 10% 
ethanol (Figs. 3.a, 4.a; Tables 2,3). 
At the ADH activity level, response of Strain B was very different 
from Strain A. Both sexes showed an enormous increase in ADH activity by 
F^ and F^, and indeed the increase was so drastic that the ADH activity of 
Strain B by F^ was more or less the same of that of Strain A at its peak. 
Afterwards, the ADH activity of Strain B dropped, but at all subsequent 
generations ADH activity remained significantly higher than those of F^ 
and F^. Therefore, Strain B responded to selection by increasing its ADH 
activity (Tables 4,5; Figs. 3.b, 4.b). At the same time, the ADH amount 
was significantly higher in the last generation than in F^ (Figs. 3.c, 4.c; 
Tables 6,7). And like the ADH activity, the ADH amount was significantly 
higher in F^ and F^ in both sexes. The (X-GPDH activity level of the 
females was very much like that of ADH activity, and likewise in all 
subsequent generations, (X-GPDH activity was either more or less the same 
or significantly higher than those of F^ and F^. The dynamics of a-GPDH 
activity change in the males was rather different. It did not show as 
much of an increase as the females, but still in the last generation 
activity was higher than in F^ and F^ (Figs. 3.d, 4.d; Tables 8,9). 
3) Strain AB This strain had variability both at the Adh 
structural gene and its regulatory gene(s). Unlike Strains A and B, this 
strain did not show any increase in survivorship by the F^ generation. But 
survivorship dropped by the F^ generation such that no further experiment 
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Fig. 5 Selected responses of the females of Strain AB. Generations 
1-6 were tested on 12%, 4^-5^ on 8% and 6^-7^ on 10% ethanol. 
*(P<0.05), **(P<0.01), ***(P<0.001) student's t-test, signif­
icantly different from the previous generation. 
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Fig. 6 Selected responses of the males of Strain AB. Generations 
1^6 were tested on 12%, 4^-5^ on 8% and 6^-7 on 10% ethanol. 
*(P<0.05), **(P<0.01), ***(P<0.001) student's t-test, signif­
icantly different from the previous generation. 
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on 12% ethanol was meaningful. The results of the survivorship in the 
second generation on 8% and one generation on 10% ethanol were very much 
like the other two strains but at the second generation on 10% ethanol, 
the response to selection was much stronger, such that the females showed 
their highest survivorship at this generation, while males showed its 
second highest survivorship at this point (Figs. 5.a, 6.a; Tables 2,3). 
At the ADH level, the response of Strain AB in both sexes were very 
much like those of Strain B. Likewise at the end of the experiment, ADH 
activity of Strain AB was much higher than those of the F^ and F^ genera­
tions (Figs. 5.b,6.b; Tables 4,5). At the same time, the ADH amount like 
the ADH activity went up significantly by F^. However, it dropped to some 
extent in the subsequent generations, and by the last generation the ADH 
amount remained significantly lower than in F^ (Figs. 5.c,6.c; Tables 6,7). 
At the a-GPDH level the response of Strain AB was more or less the same as 
that of Strain A, in such a way that activity stayed more or less at the 
same level (in both sexes) after an initial significant increase in F^. 
However, while in the females a-GPDH activity in the last generation 
remained significantly higher than in F^, in the males it remained at the 
same level (Figs. 5.d, 6.d; Tables 8,9). 
4) Strain Nat. This strain was supposedly the most variable 
population. However, even before the selection experiment was started, it 
always showed the lowest survivorship and ADH activity (in the males 
activity was the same as that of the males of Strain AB). Like strains A 
and B, Strain Nat. showed a significant increase in survivorship by the F^ 
generation. Although its survivorship dropped in the F^ and F^ generations, 
in Fg, unlike any other mixed strains, its survivorship was about the same 
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Fig. 7 Selected responses of the females of Strain Nat. Generations 
1-6 were tested on 12%, 4^-5^ on 8% and 6^-7^ on 10% ethanoi. 
*(P<0.05), **(P<0.01), ***(P<0.001) student's t-test, signif­
icantly different from the previous generation. 
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Fig. 8 Selected respones of the tnales of Strain Nat. Generations 
1-6 were tested on 12%, 4^-5^ on 8% and 6'^-7^ on 10% ethanol. 
*(P<0,05), **(P<0.01), ***(P<0.001) student's t-test, signif­
icantly different from the previous generation. 
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as in . Although it was possible to continue this experiment on 12% 
ethanol, the purpose of this study was to compare the four mixed strains 
under the same condition. So like other cases, flies from the F^ genera­
tion were taken and selected for 2 generations on 8% and 2 generations on 
10% ethanol. This strain responded very well to 8% ethanol, but in the 
second generation on 10% ethanol (F^^) the responses of both sexes were 
very much like those of Strain B, that is, survivorship either dropped (in 
females) or stayed the same (in males; Figs. 7.a,8.a; Tables 2,3). 
At the ADH level, response was very different from the other mixed 
strains. Other strains had their peak by F^ (Strain A) or F^ and F^ 
generations (Strains AB and B) and then activity dropped. Strain Nat. 
reached its peak by F^ and remained exactly the same (in both sexes) 
during the rest of the selection on 12% ethanol (Figs. 7.b, 8.b; Tables 
4, 5). In the later generations (on 8% and 10% ethanol), ADH activity 
still continued to increase until at the end of the experiment ADH activi­
ty in both sexes was as high as those of the other mixed Strains. How­
ever, at the same time ADH amount stayed more or less the same during all 
generations, with the exception of Fg^, in which ADH amount was lower than 
F^ in the females (Figs. 7.c, 8.c; Tables 6, 7). At the a-GPDH activity 
level, with the exception of F^, the activity level continued to increase 
in such a way that in the last generation it reached its highest level 
(Figs. 7.d, 8.d, Tables 8, 9). It should be mentioned that although 
a-GPDH activity was more or less the same in all 4 mixed strains 
before selection, at the end of the study Strain Nat. reached its highest 
GPDH «-activity. 
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5) Homo-1 This strain had no variability at either the 
second or the third chromosome. To start with, this strain had much 
higher ADH activity and alcohol tolerance on 8% ethanol than the other 
homozygote strain. Since on 8% ethanol, survivorship was higher than 80% 
in both sexes (Table 10; Figs 9.a, 10.a), it was tested on 10% ethanol for 
the next 2 successive generations. However, survivorship dropped dras­
tically on 10% ethanol. Hence, they were tested on 8% ethanol again. In 
the second generation on 8% ethanol, the survivorship was more or less the 
same as in the generation, but by the F^ generation survivorship 
dropped significantly in both sexes. By F^, survivorship reached a level 
as high as in F^, so survivorship was tested on 10% ethanol again for the 
next 2 generations. By the second generation on 10% ethanol (F^), sur­
vivorship was either the same as in F^ (in females) or a little lower (in 
males). Comparing the responses of this strain on 10% ethanol at the 
beginning and at the end of the experiment, it is obvious that this strain 
responded positively to selection for increased ethanol tolerance. 
ADH activity dropped significantly in the F^ generation and remained 
at the same level until F^. But by the last generation (Fg), activity was 
again as high as in F^ in both sexes (Figs. 9.b, 10.b; Tables 11, 12). 
The amount of ADH CRM in males remained more or less the same over the 
experiment, while in females it remained the same until F^ and then sig­
nificantly dropped in such a way that by the last generation it was 
significantly lower than it was in F^ (Figs. 9.c, 10. c; Tables 11, 12). 
Of-GPDH activity level stayed more or less the same over the experiment 
with the exception of F^ when activity went up significantly in both 
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Fig. 9 Selected responses of the females of Homo-1 Strain, Genera­
tions 1-5 were tested on 8%, and 6-7 on 10% ethanol. 
**(P<0.01), ***(P<0.001) student's t'test, significantly dif­
ferent from the previous generation. 
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sexes, but it dropped down again such that by the last generation activity 
was the same as in the generation (Figs. 9.d, 10.d; Tables 11,12). 
6) Homo-2 Surprisingly this strain with no variability in 
either the Adh structural gene or its regulatory gene(s) showed response 
to selection for increased tolerance on 8% ethanol, such that its sur­
vivorship increased in males from 26% in the F^ generation to 71% in the 
F^ generation. But when this strain was tested on 10% ethanol in F^ and 
F^, survivorships dropped significantly (Figs. 11.a, 12.a. Tables 13, 14). 
However, ADH activity levels (Figs. 11.b, 12.b; Tables 13, 14) remained 
more or less the same in both sexes during the entire experiment, as did 
the ADH amount (Figs. 11.c, 12.c; Tables 13, 14). a-GPDH activity levels 
also remained more or less the same in both sexes, with the exception of 
the last generation when activity went up significantly in females (Figs. 
11.d, 12.d. Tables 13, 14). 
To investigate the inter-relationships between the 4 measured pa­
rameters, correlation coefficients were calculated between (1) ethanol 
tolerance and ADH activity, (2) ADH activity and ADH amount, and (3) ADH 
and a-GPDH activities. These correlation coefficients are given in Tables 
15-17 respectively. 
Table 15 gives the correlation coefficients between ADH activity and 
ethanol tolerance for each sex and strain separately. The life stage 
column in this table has 2 entries, 1 and 2. 1 refers to the selection 
experiment carried out at adult stage and 2 refers to the selection ex­
periment carried out over the entire developmental period (to be discussed 
later). First, correlation coefficients were calculated for each mixed 
strain for the 2 generations on 10% ethanol, and for the 5 generations on 
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Fig. 11 Selected responses of the females of Homo-2 Strain. Genera­
tions 1-5 were tested on 8% and 6-7 on 10% ethanol. 
**(P<0.01), ***(P<0.001) student's t-test, significantly 
different from the previous generation. 
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Fig. 12 Selected responses of the males of Homo-2 Strain. Genera­
tions 1-5 were tested on 8% and 6-7 on 10% ethanol. 
**(P<0.01), ***(?<0.001) student's t-test, significantly 
different from the previous generation. 
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12% ethanol; then, for all 7 generations collectively. And the values of 
each replicate were used in all 3 cases. All 4 mixed strains failed to 
show any significant correlation between ADH activity and ethanol toler­
ance at any tested ethanol concentration. Correlation coefficients were 
also calculated for the 2 homozygote strains from the results of 3 genera­
tions on 8% and 1 generation on 10% ethanol collectively. In this case, 
only the females of Strain Homo-1 showed a significant correlation between 
ADH activity and ethanol tolerance at the adult stage. 
The same result, that is, a lack of a positive correlation between 
ADH activity and alcohol tolerance has been reported by some other inves­
tigators. Briscoe et al. (1975) and Van Delden et al. (1978) found that 
Adh-heterozygote flies with intermediate ADH activity (between flies homo­
zygous for Adh-F and Adh-S alleles) did not show intermediate ethanol 
tolerance. They had either the same or a little lower mortality than 
Adh-F flies (see pages 49 and 52 respectively). Gibson et al. (1979) 
found that while flies responded positively to selection for increased 
ethanol tolerance after 10 generations on ethanol stress conditions, 
(qualitative increase rather than quantitative one, see page 71), the 
response was not coupled with an increase in ADH activity. Daggard (1981) 
although found a positive correlation between ADH activity and ethanol 
tolerance, found no positive correlation between ADH activities 
and either 1-propanol or 2-propanol tolerance (see page 61). Ziolo and 
Parsons (1982) found that while Adh-heterozygote flies had higher ADH 
activity than Adh-S flies, both genotypes showed more or less the same 
ethanol tolerance (see page 57). 
Table 15. Comparison of correlation coefficient between ADH activity and ethanol tolerance in 6 
strains of D. melanogaster 
Strain 
Life Î 
Sex Stage [Ethanol] nî A B AB Nat. Homo-1 Homo-2 
1 8-10%^ 8 - - - - . 83* .00 
9 1 10% 4 .36 -.50 .47 -.01 - -
1 12% 10 .00 .37 .57 .40 - -
1 10-12% 14 -.19 .27 .43 .52 - -
2 12% 6 .34 .45 .31 -.04 .80 .80 
1 8-10% 8 - - - - -.12 -.41 
c? 1 10% 4 -. 16 .45 .90 -.22 - -
1 12% 10 -.14 .19 .33 .18 - -
1 10-12% 14 -.24 .24 .52 .11 - -
2 12% 6 .22 .26 -.17 .09 .88 .88 
Î n = No. of generations on a given [ethanol] x 2 replicates per strain. 
V Three generations on 8% ethanol and 1 generation on 10% ethanol for homozygote strains, 
t 1, ethanol stress at adult stage; 2, ethanol stress at entire life period. 
"P < 0.05. 
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However, there are other reports in which a positive correlation 
between ADH activity and alcohol tolerance has been found. McDonald and 
Avise (1976) found a significant positive correlation (.91) between ADH 
activity and 2-propanol tolerance among 9 species of Drosophila (see page 
49). McDonald et al. (1977) found that a selected line for increased 
ethanol tolerance also had a higher ADH activity than the unselected line 
(see page 46). Kamping and Van Delden (1978) also found a significant 
correlation between ADH activity and ethanol tolerance (.95 in males and 
.80 in females) among seven strains, all Adh-F homozygotes (see page 51). 
David et al. (1978) found that an Adh-null strain (with no ADH activity) 
also had lower alcohol tolerance than the wild-type strain (see page 51). 
Anderson et al. (1981) found that Adh-F flies with higher ADH activity 
than Adh-S flies had higher survivorship on medium concentrations of 
ethanol (see page 54). 
Table 16 gives the correlation coefficients between ADH activity and 
the amount of ADH protein for each sex and strain separately. Two corre­
lation coefficients were calculated for each strain, one for the mean of 
the two replicates of each generation (9 values for 9 generations of the 
mixed strains, and 5 values for 8 generations of the homozygote strains), 
and another one for each individual replicate of each generation, just to 
have a larger sample size. In both cases only Strain B, which was vari­
able for the Adh structural locus, showed a significant correlation 
between these two parameters in both sexes. Also, the females of Strain 
Homo-2 showed a significant correlation between the ADH activity and 
amount, but only for the mean of the two replicates. A significant 
positive correlation between ADH activity and amount indicates that the 
Table 16. Comparison of correlation coefficient between amount of ADH and ADH activity in 6 strains 
of D. melanoga ster 
Life^ Sample Strain Sample Strain 
Sex Stage Size A B AB Nat. Size C-1 C-2 
9 1 9 -. 64 . 84* .65 -.15 5 -.40 .89* 
1 18 -.43 .68** .45 .23 10 .08 .30 
2 6 -.62 .38 .02 .49 6 -. 83* .08 
d- 1 9 -.15 . 78* .28 .42 5 -.19 .24 
1 18 .13 .52* . 36 .42 10 .20 .40 
2 6 -. 63 -.55 .90* .72 6 -.23 .48 
Table 17. Comparison of Correlation Coefficient between ADH activity and GPDH activity in 6 strains 
of D. melanogaster 
Life^ Sample Strain Sample Strain 
Sex Stage Size A B AB Nat. Size Homo-1 Homo-2 
9 1 9 .18 .97** . 94** .92** 5 . 96** .97** 
1 18 .16 . 88** .78** . 89** 10 .91** .83** 
2 6 . 92"-- . 88* .79 .00 6 .76 . 99** 
cf 1 9 .54 . 75* . 82** . 77 ** 5 .91* .92* 
1 18 .65** . 74** . 52* . 60** 10 .93** .87** 
2 6 .83* .76 . 88* .91* 6 .91* . 86* 
Î: 1, ethanol stress at adult stage; 2, ethanol stress at entire life period. 
" P < 0.05. 
y-A- p < 0.01. 
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increase in ADH activity was due to the increase in the number of mole­
cules of ADH enzyme; a lack of correlation between these 2 parameters 
suggests that the observed increase in ADH activity was resulted from the 
ADH enzyme becoming more efficient (to be discussed later). 
The lack of correlation between ADH activity and amount among most 
strains of this experiment is in discrepancy with the results of other 
studies. McDonald et al. (1980) found that Adh-F flies with significant 
higher ADH activity contained about twice as many ADH molecules as Adh-S 
flies. Day et al. (1974) found that FF and SS lines (with different ADH 
activity) extracted from the Kaduna laboratory population had the same 
amount of ADH protein. However, FF flies from their other 4 stocks had 
higher ADH amount than SS flies. McDonald et al. (1977) found that their 
selected line with higher ADH activity also had higher amounts of ADH 
protein than the unselected line. McDonald and Ayala (1978) also found 
that 2 Adh-F strains with the same second chromosome but different third 
chromosomes not only had different ADH activity but also different amounts 
of ADH protein (the strain with higher ADH activity had higher ADH amount 
too). Lewis and Gibson (1978) using late third-instar larvae from 9 
Adh-F strains and 7 Adh-S strains (Adh-F and Adh-S flies of each strain 
were derived from a single fertilized female taken from natural population 
and therefore had a common genetic background), found variation both in 
ADH activity and amount. Significant correlations were found between 
these 2 parameters among the strains of each ADH electromorph variant, and 
among all 16 strains. 
For my selection study, it was necessary to have the activity of 
another enzyme, besides ADH, as a control enzyme. Since at the time I 
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started the experiment, a-GPDH was considered an enzyme unrelated to 
alcohol tolerance in flies, it was chosen for this purpose. However, 
later, in 1981, Cavener and Clegg showed that the a-Gpdh gene also 
responded to alcohol stress in a population cage study. The nature of 
this response has not been characterized yet, and its major role in 
alcohol tolerance is probably to provide NAD^ (ADH co-factor) through 
glycerophosphate shuttle system (see page 33). For this reason, a-GPDH 
cannot be used as a control enzyme in this experiment anymore, but still 
it is useful to compare its response with that of ADH over several genera­
tions of selection. Among the six strains of this study, strains A, B, 
Homo-1, and Homo-2 all were homozygous for a-Gpdh-F allele. Strain AB was 
polymorphic for a-Gpdh locus, and the genotype of the a-Gpdh locus of 
Strain Nat. in its initial state (before selection) is not known. How­
ever, as far as a-GPDH activity is concerned, GPDH-FF and GPDH-SS variants 
have more or less the same enzyme activity (Wilson and McDonald, 1981). 
Table 17 gives the correlation coefficients between ADH and a-GPDH 
activities for each sex and strain separately. Again, 2 correlation 
coefficients were calculated for each strain (the same way as discussed 
before for the correlation between ADH activity and amount). Strains 
B, AB, Nat., Homo-1 and Homo-2 all showed very significant correlation 
between ADH and a-GPDH activities in both sexes, regardless of sample 
size. Only Strain A did not show any significant correlation (males show 
significant correlation only when sample size is large, n=18). It is hard 
to compare these results with other studies because in other cases no at­
tempt has been made to correlate ADH activity and a-GPDH activity directly 
in the same flies. Wilson and McDonald (1981) found that among nine 
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strains of D. melanogaster (with 2 different electromorphs for both ADH 
and a-GPDH), there was more variation in ADH activity than in Of-GPDH 
activity. Caveher and Clegg (1978, 1981) found that in their population 
cage studies not only Adh but also a-Gpdh responded to the ethanol stress 
conditions, such that fixation of the Adh-F allele in the population was 
associated with a significant increase in the frequency of a-Gpdh-S allele 
(see page 32). 
As for the relationship between the 4 mixed strains. Table 18 sum­
marizes their relationship for the 4 different parameters, males and 
females separately. Instead of monitoring the results for all 9 genera­
tions, specific generations were chosen as the following: to F^, when 
all strains showed significant responses to selection; F^, when survivor­
ship in most strains dropped sharply and was the last generation for 
selection on 12% ethanol; and F^^, the last generation of the experiment. 
It should be mentioned that the order between the 4 strains may or may not 
be statistically significant. 
Several important points are noticeable in this table as the fol­
lowing: (1) the order among the 4 strains changes from one generation 
to another for both sexes and all four parameters, indicating that geno-
typic fitness is not a fixed attribute; (2) for any given generation males 
and females of each strain have more or less the same order; (3) the order 
among strains is more or less the same for ADH activity and ADH amount in 
both sexes; but (4) the order among strains is very different for ADH 
activity and ethanol tolerance, in both sexes and all generations. 
While the order of the 4 mixed strains showed considerable changes 
during this study, that of the two homozygote strains remains more or less 
Table 18. Relationship of 4 mixed strains (A, B, AB, Nat.) with respect to 4 measured parameters 
in phase I (adult stage) 
Gener­ Ethanol ADH ADH a-GPDH 
Sex ation Tolerance Activity Amount Activity 
9 
^1 
AB>B>A>Nat. A>B=AB>Nat. A>B=AB=Nat. A=B=AB=Nat. 
^2 
AB>B=A>Nat. A>AB>B=Nat. A>Nat.>B=AB A>AB>Nat.>B 
^3 
A=B=AB=Nat. AB=B=A>Nat. AB>B=A>Nat. A>B>AB>Nat. 
^6 B=Nat.>A>AB 
A>B=AB=Nat. A>B=AB>Nat. A=Nat.=AB>B 
AB>A=B>Nat. Nat.=AB=B>A A=B>AB=Nat. Nat.>AB=B>A 
cf 
^1 
AB=A>B>Nat. A)>B>AB=Na t. A=B=AB>Nat. A=B=Nat.>AB 
^2 
B>A>AB=Nat. A>AB=Nat.>B A>B=Nat.>AB A>AB=Nat.>B 
A=Na t.>B=AB AB=B>A=Nat. AB>B=A>Nat. AB=B>Nat.>A 
^6 Nat.>B>A>AB 
A=B=AB=Nat. A=B>AB=Nat. Nat.=AB>A=B 
4 
AB>A>B>Nat. Nat.=B>AB>A A=B>Nat.>AB Nat.>B>AB>A 
150 
the same ia both sexes and all generations and for all four parameters. 
Strain Homo-1 almost always had higher ethanol tolerance, ADH activity, 
ADH amount, and GPDH activity than Strain Homo-2. The constant changes in 
the order of the 4 strains make it very difficult to conclude which 
strain had adapted itself to ethanol stress better. Strain Nat., which 
had the lowest ethanol tolerance before selection, after 6 generations on 
12% ethanol showed the highest tolerance. But as mentioned before, it was 
mainly because the other strains responded negatively to selection, while 
Strain Nat. kept more or less the same tolerance during the 6 generations 
on 127o ethanol. On the other hand, by the last generation of the 
experiment which was on 10% ethanol, the 4 strains showed the same order 
as they had in F^ generation, that is, Strain Nat. had the lowest sur­
vivorship again. 
Strain A dropped in ADH activity very significantly in just two 
generations and its rank dropped from the highest active strain in F^ to 
almost the lowest one by Fg^ in both sexes. At the same time, ADH activi­
ty in Strain Nat. showed the highest increase and moved from the lowest 
active strain in the F^ generation to almost the highest one in the 
V 
Fg generation in both sexes. However, the decrease of ADH activity in 
Strain A and its increase in Strain Nat. were not associated with a cor­
responding decrease and increase in the amount of ADH protein in these 2 
strains. Only Strain B (variable for the Adh structural gene), which 
after Strain Nat. showed the highest increase in ADH activity in both 
sexes, gained an increase in the amount of ADH protein during the selec­
tion period. On the other hand, Strain AB, which increased its ADH ac­
tivity and decreased the amount of its ADH protein significantly in the 
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course of the study, managed to be the most ethanol tolerant strain at the 
end of the experiment. Though it is clear that Strain A is the least 
responsive strain to alcohol stress, it is hard to choose any of the 3 
other strains as the most responsive one. 
b. Selection over the entire life period (Phase II) The results 
of the second phase of this study are given in Tables 19-22. The results 
of males and females are tabulated in separate parts, and each table sum­
marizes the results of all six strains for each measured parameter in 3 
sections. Each section represents a different condition as the following: 
in the section for p generation, the values are those obtained before 
alcohol treatment was started. F^-treated represents the results after 7 
generations of ethanol selection, and F^-control represents the results 
after 7 generations on regular food. Each section gives the results of 
the two replicates on the first 2 lines and their mean on the third line. 
In principle, P generation might be expected to give the same results 
as control flies after 7 generations. However, since the time interval 
between p and was about 4 months, it was necessary to measure the four 
parameters again in the control flies after seven generations and the 
results are given in Tables 19-22. Table 19 gives survivorship percentage 
on 12% ethanol; Table 20, the ADH activity per individual fly; Table 21, 
the amount of ADH protein; and Table 22, Of-GPDH activity measurements. 
In most cases, as Tables 19-22 show, the six control strains had 
lower values for all four measured parameters in p generation than 7 
generations later (F^-control). It could reflect changes in environmental 
factors during four months of the experiment which in turn may affect 
general physiology of the flies, probably resulting in changes in the 
Table 19. Comparison of 12% ethanol tolerance in 6 strains (A, B, AB, Nat., Honio-2, Homo-1) of D. 
melanofiaster in Phase II (ethanol-treated for entire life period) 
Sex Gener- Rep- Percentage Survivorship ± Standard Error 
ation licate A B AB Nat. Hoino-2 Homo-1 
1 
2 
X 
21.7±6.0 
33.3±2.8 
27.5±7.0 
5.67±9.5 
66.717.1 
61.715.9 
56.7116.1 
60.019.7 
58.318.9 
23.3110.2 
8.313.1 
15.815.6 
3.312.1 
23.319.5 
13.315.6 
60.0114.4 
46.7+8.8 
53.318.3 
fy-
treated 
1 
2 
X 
41.7110.8 
65.016.7 
53.317.0 
73.313.3 
68.3111.4 
70.815.7 
58.317.0 
43.316.1 
50.815.0 
25.0111.5 
76.7111.7 
50.8111.0 
88.314.8 
65.015.0 
76.714.8 
98.311.7 
56.7113.1 
77.518.9 
F7-
control 
1 
2 
X 
33.319.5 
38.319.5 
35.816.5 
8.516.2 
60.019.7 
72.516.6 
65.017.6 
68.315.4 
66.714.5* 
53.318.8 
33.3110.5 
43.317.2 
35.016.2 
25.017.6 
30.014.9*** 
60.013.7 
31.714.8 
45.815. 1** 
1 
2 
X 
10.013.7 
8.313.1 
9.212.3 
8.313.1 
20.016.3 
14.213.8 
10.016.3 
36.719.2 
23.3+6.7 
8.313.1 
0.01.00 
4.211.9 
.001.00 
10.013.7 
5.012.3 
21.719.5 
18.316.0 
20.0+5.4 
F7-
treated 
1 
2 
X 
11.713.1 
58.3+4.8 
35.017.5 
1 1 . 7 1 6 . 0  
28.319.5 
20.015.9 
40.0110.3 
11.715.4 
25.817.0 
20.017.3 
36.7+9.5 
28.316.3 
33.318.8 
33.3+12.0 
33.317.1 
70.018.6 
8.3+4.8 
39.1110.4 
treated 2 
X 
25.0111.5 
20.013.7 
22.515.8 
18.313.1 
23.317.1 
20.013.8 
11.713.1 
38.315.4 
25.015.0 
36.716.1 
20.0+5.2 
28.314.6 
5.0+2.2 
11.713.1 
8.312.1 
16.713.3 
8.311.7 
12.5+2.2 
* Student's t-test p<0.05, student's t-test p<0 01, '"** student's t-test p<0.001; comparison 
for each sex is between F^-treated and its corresponding F^-control. 
Table 20. Comparison of ADH activity (per fly) in 6 strains (A, B, AB, Nat., Homo-2, Hoino-1) of 
D. melanogaster in Phase II (ethanol-treated for entire life period) 
+ 
Sex Gener- Rep- Mean Activity ± Standard Error 
ation licate A B AB Nat. Homo-2 Homo-1 
9 P 1 2.17±. 08 2. ,25±.05 2.021.11 2, .301. 13 1. 371.05 1.991.06 
2 1.70±. 04 1. 91±.08 1.931.03 1 ,591. 02 1. ,801.05 1.751.04 
X 1.94±. 10 2. 081.08 1.971.06 1. ,941. 15 1 ,591.12 1.871.06 
F?- 1 2.86±. 08 3. 161.07 2.311.07 1 .441. 12 2. ,371.07 2.721.09 
treated 2 2.56±. 09 2. 811.13 2.371.08 1 ,621. 04 2. ,381.10 2.121.04 
X 2.71±. 08 2, .981.09 2.341.05 1 .531. ,06 2 .371.06 2.421.12 
Fy- 1 2.82±. 09 2. 601.12 3.021.07 1 .901. 15 2 .321.08 2.211.03 
control 2 2.55±. ,07 2. 341.13 2.471.08 1 .621. ,04 2 .141.07 2.111.04 
X 2.68±. 07 2. 471. lO 'w' 2.751.11** 1 .761. ,09 2 .231.06 2.161.03 
c? P 1 1.65±. , 10 2. 081.14 1.721.04 2 .081. ,07 1 .221.02 2.191.05 
2 1.54±. 06 2. 041.05 1.781.05 1 .571. ,08 1 .581.08 1.541.02 
X 1.60±. ,06 2, .061.07 1.751.03 1 .821, ,11 1 .401.12 1.871.13 
F.- 1 2.78±. ,05 2. ,461.05 2.321.01 1 .531, ,04 2 .511.07 2.701.09 
/ 2 2.20±. ,08 2. ,321.06 2.471.08 1 .791. ,09 2 .561.08 1.731.02 
X 2.49±. ,12 2, 391.04 2.401.05 1 .661, ,07 2 .531.05 2.211.19 
F.- 1 2.511, .04 2. ,391.04 2.571.03 1 .811, ,03 2 .141.11 1.981.06 
/ 2 2.37±, ,08 2. ,481.10 2.191.03 1 .561, ,01 1 .791.01 1.751.06 
X 2.44±. 05 2. ,431.05 2.381.07 1 .691. ,05 1 1.871.06 
Student's t-test p<0.01, student's t-test p<0.001; comparison for each sex is between F^-
treated and its corresponding F^-control. 
t Do not compare these results with those of Tables 4-5 and 11-14, because in Phase II instead 
of 100 pi crude enzyme extract, 10 pi was used (because of a new spectrophotometer). 
Table 21. Comparison of relative amounts of ADH determined by radial immunodiffusion in 6 strains 
of D. melanogaster in Phase II (ethanol-treated for entire life period) 
Sex Gener- Mean I.D. Ring Diameter (mm) ± Standard Error 
ation licate A B AB Nat. Homo-2 Homo-1 
P 1 9.31±.19 9.001.10 9.371.18 9.281.21 8.341.14 8.911.14 
2 9.16±.12 8.841.16 9.341.06 9.151 03 9.751.14 8.871.13 
X 9.23±.ll 8.921.09 9.361.09 9.221.10 9.051.28 8.891.09 
En­ 1 9.00±.14 9.561.33 9.131.31 8.131.13 9.751.14 8.131.07 
treated 2 8.75±.14 9.001.23 8.751.20 8.881.13 8.751.23 8.751.25 
X 8.88±.ll 9.281.21 8.941.19 8.501.16 9.251.23 8.441.17 
FY- 1 8.001.05 7.901.21 9.381.22 8.311.47 8.191.12 8.501.29 
control 2 8.81±.37 8.191.16 9.131.13 7.751.14 7.941.16 8.311.16 
X 8.4I±.23 8.061.13** * 9.261.13 8.221.26 8.061.10*** 8.411.16 
P 1 10.28±.16 10.531.21 11.121.05 11.031.21 9.501.18 11.031.03 
2 ll.OOi.OO 10.881.13 11.311.12 10.411.14 11.001.29 11.001.05 
X 10.641.16 10.701.13 11.221.07 10.721.17 10.251.32 11.011.03 
re­ 1 10.131.07 10.751.14 10.501.29 9.881.13 11.001.00 9.751.23 
treated 2 9.501.29 10.811.16 10.501.20 11.061.24 10.631.24 10.251.25 
X 9.811.18 10.781.10 10.501.16 10.471.26 10.811.13 10.001.18 
FY- 1 9.751.25 10.001.00 9.631.46 10.061.16 9.691.47 9.631.38 
/ 2 10.061.06 9.131.07 10.501.29 9.501.29 9.631.16 9.441.28 
X 9.911.13 9.561.17— *10.061.30 9.781.19* 9.661.23*** 9.531.22 
Student's t-test p< 0.05, student's t-test p<0.001; comparison for each sex is between En­
treated and its corresponding F^-control. 
Table 22. Comparison of a-GPDH activity in 6 strains (A, B, AB, Nat. Homo-2, Homo-1) of D, 
melanogaster in Phase II (ethanol-treated for entire life period) 
t 
Sex Gener- Rep- Mean Activity ± Standard Error 
ation licate A B AB Nat. Homo-2 Homo-1 
9 P 1 •.89±.08 1.051.07 .931.04 1 .071. 11 .601.03 .951.03 
2 .70+.08 .761.03 .831.07 .971. 02 .821.04 .941.05 
X .77+.07 .901.07 .881.04 1. 021. 06 .751.08 .951.03 
F - 1 1.12+.03 1.341.06 1.081.06 1 .091. 04 1 .211.09 1.171.12 
treated 2 I.23+.02 1.241.07 1.231.08 1 .281, .06 1 .101.04 .931.10 
X 1.17±.03 1.291.05 1.151.05 1 .181. 05 1 .151.05 1.051.08 
F?- 1 1.27±.07 1.221.04 1.261.05 1 .111, ,02 1 .131.04 1.101.04 
control 2 1.07±.05 1.231.05 .961.04 .991. ,00 1 .021.02 1.131.03 
X 1.17+.06 1.221.03 1.111.06 1 .051. 03* 1 .081.03 1.121.02 
p 1 .6l±.04 .731.04 .621.02 1 .051. 01 .491.05 .691.02 
2 .58+.04 .661.02 .571.02 .741. 02 .601.02 .591.01 
X .591.03 .701.02 .591.01 .841, .07 .551.03 .641.02 
F?" 1 .80+.03 .871.03 .671.01 .771. 01 .881.02 .841.03 
treated 2 .80±.02 .821.03 .891.02 .881, .05 .701.02 .661.02 
X .80±.02 .841.02 .781.04 .821, .03 .791.04 .751.04 
Fy- 1 .70±.01 .731.00 .831.04 .781, .05 .801.04 .741.0 / 2 .811.04 .791.02 .711.02 .671. 02 .611.01 .691.01 
X .761.03 .761.02** .771.03 .721. . 03* .701.04 .711.01 
•" Student's t-test p<0.05, "" student's t-test p<0.001; comparison for each sex is between En­
treated and its corresponding F^-control. 
t Do not compare these results with those of Tables 8-9 and 11-14, because in Phase II instead 
of 100 pi crude enzyme extract, 10 pi was used (because of a new spectrophotometer). 
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weight of flies. For this reason, ADH activity was calculated once more, 
this time in terms of per mg of wet weight of fly (Table 23). Therefore, 
if the difference in weight is responsible for the differences in enzyme 
activities of flies, it should be reflected in the two different calcula­
tions of ADH activity. As Tables 20 and 23 show, out of 12 possible cases 
only in 3 cases (males of Strain Homo-1, males and females of Strain B) 
the ADH activity differences in the p generation and F^-control could be 
attributed to their differences in weight, that is, only in these 3 cases 
the order of ADH activity between the p generation and F^-control changes 
when comparing ADH activity per fly to ADH activity per mg of wet weight. 
The results of phase II are not as dramatic as those of phase I. The 
reasons could be: (1) exposure to ethanol over all life stages imposed 
a less selective pressure on flies, (2) a lower ethanol concentration was 
applied in the phase II (about 10 volume percent), which probably imposed 
a different type of selective pressure on flies, (3) the results were not 
obtained periodically (unlike phase I), but only once at the end of the 
experiment and therefore possible changes during the seven generations 
remain unknown. 
At the survivorship level, only the females of Strain AB and both 
sexes of Homo-1 and Homo-2 responded to selection for increased 
alcohol tolerance (comparing the results of F^-treated to F^-control; 
Table 19). 
At the ADH activity level, when activity per fly is considered, only 
the females of Strain B and males of Homo-2 showed significant increases. 
On the other hand, females of Strain AB showed a significant negative re­
sponse, that is, the ADH activity of the selected flies was lower than the 
Table 23. Comparison of ADH activity (per rag weight) in 6 strains (A, B, AB, Nat., Homo-2, Homo-1) 
of D. melanogaster in Phase II (ethanol-treated for entire life period) 
1" Sex Gener- Rep- Mean Activity ± Standard Error 
ation licate A B AB Nat. Homo-2 Homo-1 
9 P 1 2.16±.09 1.991. 06 1.951.11 1. 841. 10 1. 601.06 1.731.06 
2 1.81±.05 2.171. 05 2.081.03 1. 581. 02 1. 881.04 1.721.02 
X 1.981.08 2.081. 05 2.021.06 1. 711. 07 1. 741.08 1.721.03 
Fy- 1 2.19±.06 2.531. 09 1.961.04 1. 031. 31 1. 821.06 2.031.05 
treated 2 2.09±.09 2.161. 10 1.981.10 1. 401. 01 2. 061.09 1.941.05 
X 2.14±.05 2.341. 09 1.971.05 1. 221. 16 1. 941.07 1.991.04 
F?" 1 2.35±.06 1.911. 09 2.221.05 1. ,651. 14 1. 931.07 1.771.02 
control 2 2.08±.04 1.751. 07 2.101.06 1. 621. 04 1. 781.05 1.861.04 
X 2.2U.06 1.831. 06*** 2.161.04* 1. 631. 07* 1. 861.05 1.811.03** 
cf P 1 2.581.16 2.871, .17 2.601.07 2 .531. 08 2 .101.03 3.031.08 
2 2.471.09 3.131. 05 2.991.02 2. 361. 13 2 .561.18 2.391.04 
X 2.531.09 3.001. 10 2.801.08 2. 441. 08 2 .331.18 2.711.13 
Fy- 1 3.331.06 3.191. ,06 2.981.05 2. 061. 07 3 .011.08 3.151.10 
treated 2 2.631.08 2.941. ,08 3.011.11 2. 241. ,10 3 .281.10 2.591.05 
X 2.981.14 3.071 ,07 2.991.06 2, .151. 07 3 .151.08 2.871.12 
Fy- 1 3.261.05 3.11. 05 3.301.06 2 .261. 02 2 .821.15 2.511.09 
control 2 3.001.10 2.981. ,12 2.961.02 2 .371. 03 2 .661.04 2.451.05 
X 3.131.07 3.041. ,06 3.131.07 2. 311. 03* 2 .741.08** 2.481.05** 
" Student's t-test p<0.05, "" student's t-test p<0.01, student's t-test p<0.001; comparison for 
each sex is between F^-treated and its corresponding F^-control. 
t Do not compare these results with those of Tables 4-5 and 11-14, because in Phase 11 instead of 
100 (jl crude enzyme extract, 10 pi was used (because of a new spectrophotometer). 
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control flies (Table 20). When the ADH activity per mg wet weight was 
considered; not only females of Strain B, but also females and males of 
Homo-1 and males of Homo-2 showed significant increases. Also, not only 
females of Strain AB, but also both sexes of Strain Nat. showed a sig­
nificant negative response (Table 23). At ADH amount level, both sexes of 
strains B and Homo-2 and males of Strain Nat. responded positively to 
selection by increasing their ADH amount (Table 21). At the level of 
a-GPDH activity, only the males of Strain B and both sexes of Strain Nat. 
showed increase in activity (Table 23). 
Table 24 summarizes all these results. As this table shows, Strain B 
(either males or females or both) increased its ADH activity and amount 
and a-GPDH activity, but these increases did not enabled the flies to 
tolerate ethanol better. On the other hand. Strain AB which showed a drop 
in ADH activity, became more ethanol tolerant after selection. Another 
surprising response was that of the homozygote strains. Both control 
strains (with no genetic variabilities) showed some increases both in 
their ethanol tolerance and ADH activity in both sexes (females of Strain 
Homo-2 showed an increase in ADH activity, but it is statistically insig­
nificant). In both sexes of Strain Homo-2, the increase in ethanol 
tolerance and ADH activity were associated with a corresponding increase 
in the amount of ADH protein. Fig. 13 shows graphically the differences 
between selected and unselected lines with respect to ethanol tolerance 
and ADH activity. As for the effect of alcohol selection on the relation­
ship between different mixed strains. Table 25 tabulates the order of the 
strains for the 3 different conditions and the four parameters (males and 
females separately). For ADH activity, the orders are given both in terms 
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Table 24. Summary of the results of selection in alcohol environment for 
entire life period (phase II) 
Strain 
Sex A B AB Nat. Homo-1 Homo-2 
Ethanol 9 0 0 + 0 + + 
Tolerance d- 0 0 0 0 + + 
ADH Activity ? 0 + - 0 0 0 
(per fly) c? 0 0 0 0 0 + 
ADH Activity ? 0 + - - + 0 
(per mg) cf 0 0 0 - + + 
ADH 9 0 + 0 0 0 + 
Amount cf 0 + 0 + 0 + 
a-GPDH 9 0 0 0 + 0 0 
Activity cf 0 + 0 + 0 0 
+ Statistically significant positive response 
- Statistically significnat negative response 
0 No significant response 
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HOMO-I HOMO-2 HOMO-I HOMO-2 
FEMALE MALE 
Selected responses of two homozygote strains (Homo-1, 
Homo-2) kept under ethanol stress during flies' entire 
life period for 7 generations. Control strains were 
kept in regular food for the same time period. 
*(P<0.05),**(P<0.01), A**(P<0.001) student's t-test. 
Table 25. Relationship between 4 mixed strains with respect to 4 measured parameters at Phase II 
(ethanol-treated for entire life period) 
Sex 
Gener­
ation 
Ethanol 
Tolerance 
ADH^ 
Activity 
ADH 
Amount 
a-GPDH 
Activity 
9 P B=AB>A>Nat. 
ii. 
A=B=AB=Nat. 
A=B=AB>Nat. 
A=B=AB=Nat. Nat.=B>A=AB 
F^-treated B>AB=A=Nat. 
ii. 
B=A>AB>Nat. 
B=A>AB>Nat. 
A=B=AB>Nat. A=B=AB=Nat. 
Fy-control B=AB>Nat.=A 
ii. 
AB=A>B>Nat. 
AB=A>B=Na t. 
AB>A=B=Nat. A=B=AB=Nat. 
a P AB=B>A>Nat. 
ii. 
B>Nat.=AB>A 
B=AB>A=Nat. 
AB>A=B=Nat. Nat.>A=B=AB 
F^-treated A=Nat.=AB>B 
ii. 
A=B=AB>Nat. 
A=B=AB>Nat. 
B=AB=Nat.>A A=B=AB=Nat. 
Fy-control Nat.=AB=A=B 
ii. 
A=B=AB>Nat. 
A=B=AB>Nat. 
AB=Nat.=A=B A=B=AB=Nat. 
t: i, ADH activity/fly; ii, ADH activity/mg weight. 
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of per fly and per mg weight and, as the table shows, they are more or 
less the same. 
c. The question of the weight of fly. As it was mentioned before, 
Clarke (Clarke et al., 1979) has argued that the variation observed in the 
amount of ADH protein is due to variation in fly's weight and not the 
effect of ADH regulatory gene(s) (see page 43). One can also put forward 
the same argument for the results of the present experiment, that is, the 
observed increase in ADH activity in some generations is due to a cor­
responding increase in the ADH amount, and that the latter increase could 
be the direct result of an increase in fly's weight. As discussed before, 
a positive correlation between ADH activity and amount was not a general 
rule among the six strains in either phase I or II, and was observed only 
in a few cases (see Table 16). Still, to explore the role of fly's weight 
in the ADH system, the mean weight was calculated for each strain in every 
generation. The results are given in Tables 26-28 and 11-14. The value 
of each replicate in these tables represents the average weight of two 
samples of flies, each sample consisting of 30 mg flies. Tables 26-27 
give the weight of the four mixed strains during 9 generations of phase I 
(males and females separately). Tables 11-14 give the weight of the two 
homozygote strains over 5 generations of phase I, and Table 28 gives the 
weight of all six strains in the phase II of the experiment. 
As these tables indicate, the weight of flies did not remain constant 
and in some generations increased significantly. There are at least 3 
explanations for this observed weight increase as the following: (1) 
selection for increased alcohol tolerance directly acted on genes related 
to weight increase; (2) selection for increased alcohol tolerance directly 
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acted at the Adh structural gene and/or its regulatory gene(s), and as 
flies became more adapted to their new environment, they became healthier 
and therefore heavier; and, (3) the observed weight increase in some 
generations was just a random event (with respect to alcohol stress) and 
possibly reflected the effects of the seasonal changes on fly's general 
physiology. 
Determining which of these three possibilities is the answer is 
beyond the scope of this thesis. The only concern here is to find out 
whether or not each weight increase is associated with a corresponding 
increase in the ADH activity and amount. To answer this question, cor­
relation coefficients were calculated between weight and ADH activity, 
weight and ADH amount, weight and a-GPDH activity. Tables 29-31 give the 
results of each category respectively. Each table gives the correlation 
coefficient for selection both at adult stage and over the entire life 
period. For the former stage, the mean of the 2 replicates of each of the 
9 generations was used for calculation, and for the latter one the value 
of each replicate was used (because fewer values were available). 
Considering the correlation between weight and ADH activity (Table 
29), in phase I only both sexes of Strain A and males of Strain Homo-1 
show a significant correlation. But in phase II all strains except fe­
males of Strain B and both sexes of Strain Nat. exhibited a significant 
correlation. However, when weight and amount of ADH is considered (Table 
30), only 1 out of 24 possible cases showed a significant correlation 
and that one is the females of Strain B in phase I. This kind of problem 
is usually expected when working with Drosophila females because changes 
in their weights are directly correlated with the number of eggs they 
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Table 26. Comparison of weight (mg) in 9s of 4 mixed strains (A, B, AB, 
Nat.) of D. melanogaster 
Gener- Repli- Mean Weight/Fly ± Standard Error 
ation [ ethanol ]7o cate A B AB Nat. 
Fn 0 1 1. 20±. 02 1. 02±. 02 1. 16±. 01 97±.03 1 2 1. 20±. 01 1. 18±. 02 1. 16±. 05 1. 07±.00 
X 1. 20±. 01 1. 10±.05 1. ,16±. 02 1. 02+.03 
12 1 1. 20±. 00 1. 08±. 01 1. ,13±. 02 1. lli.OO 
z 2 1. 07±. 01 1. 09±. 06 1. ,13±. 02 1. 08±.01 
X 1. ,14±. 03 1, 08±. 02 1. ,13±. 01 1. 09+.01 
F^ 12 1 .94+. 06 1, 18±. 02 1. ,08±. 02 .99±.00 
2 1. ,06±. 01 1. 10±. 02 ,98±. 02 96±.01 
X 1. ,00±. 04 1, .14±. 03 1 .03±. 03 .98±.01 
F^ 12 1 1, ,04+. 02 1. 28±. 03 .94±. 03 ,97+.01 
2 1. ,20±. 05 1. 09±. 02 1, 17±. 02 1. 02±.02 
X 1, ,12+. 05 1, .19±. 06 1 ,05+. 07 .99±.02 
Fr 12 1 1, ,15±. 01 1. 23±. ,02 1 .25±. 00 1, 16±.01 0 2 1, ,16+, .04 1. ,16±. ,01 1 .28±. 02 1, .28±.03 
X 1, 16±. 01 1. ,19+. ,02 1 .27±. 01 1, 22±.04 
F. 12 1 1, 09+. ,02 1. ,16±. ,03 1 .34±. 03 1, lli.OO 0 2 ,98±. ,05 1. ,03±. 00 .95±. 10 1, 09±.03 
X 1, .04+. ,04 1 ,10±. ,04 1 .14±. 12 1. ,10±.01 
FI V 1 1 .04±, ,02 1 ,28±. 03 .94±. 03 ,97+.01 
2 1, .20+, ,05 1. ,09±, 02 1 .17±. 02 1. ,02±.02 
X 1 .12+. 05 1 .19±. 06 1 .05±. 07 .991.02 
F: 8 - - - -
fI 8 1 1 .02±, .02 1 .00±. ,03 .92±. 01 1. 01±.02 0 2 .91 + .00 1 .13±. 03 1 .08±. 04 1 .20+.01 
X .96+. 03 1 .06±. 04 1 .00±. 05 1. 11±.06 
F  ^ 10 1 .93±, .03 1 .18+ .02 1 .18+, .03 1 .16+.01 
/ 2 .98±. ,03 1 .16±. ,01 .96+. 05 1. ,11+.01 
X .96+ .02 1 .17±, .01 1 .07±, .07 1 .13+.01 
Fl 10 1 1 .04+ .04 1 .21± .05 1 .14±, ,02 1 .30±.05 
2 1 .00+ .00 1 .20±. 00 .96+. 00 1 .lOi.OO 
X 1 .02±. 02 1 .20± .02 1 .05±. ,05 1 .20+.06 
V: is the same as F,. F^-F^ were tested on different ethanol 
concentration than FL-F^. 0 o 
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Table 27. Comparison of weight (mg) in '^s of 4 mixed strains (A, B, AB, 
Nat.) of D. melanogaster 
Gener- Repli- Mean Weight/Fly ± Standard Error 
ation [ethanol]% cate A B ^ Nat. 
F 0 1 .81±.00 .75+.00 .62+.01 .67±.01 
2 .81±.01 .67±.00 .63±.00 .76±.01 
X .81±.01 .711.02 .631.01 .721.03 
F 12 1 .771.00 .691.01 .681.00 .701.02 
2 .701.02 .631.01 .721.02 .741.01 
X .741.02 .661.02 .701.01 .721.01 
F 12 1 .591.00 .771.00 .721.01 .651.01 
2 .621.02 .681.01 .661.01 .601.00 
X .601.01 .731.03 .691.02 .621.01 
F, 12 1 .691.01 .811.00 .611.00 .571.02 
2 .831.00 .661.01 .771.00 .701.02 
X .761.04 .741.04 .691.05 .631.04 
F 12 1 .751.02 .801.01 .801.02 .731.01 
2 .711.06 .651.01 .791.00 .811.02 
X .731.03 .721.04 .791.01 .771.03 
F, 12 1 .691.01 .771.01 .811.01 .791.01 
2 .571.04 .631.01 .521.01 .591.02 
X .631.04 .701.04 .671.08 .691.06 
fT V 1 .691.01 .811.00 .611.00 .571.02 
4 
7 
8 
2 .831.00 .661.01 .771.00 .701.02 
X .761.04 .741.04 .691.05 .631.04 
F^ 8 1 .601.01 .571.01 .621.01 .681.01 
2 .581.02 .661.01 .631.02 .801.01 
X .591.01 .621.03 .621.01 .741.03 
FY 10 1 .611.02 .761.01 .771.00 .781.02 
2 .551.01 .771.02 .601.01 .761.01 
X .581.02 .761.01 .691.05 .771.01 
FY 10 1 .661.01 .771.00 .761.01 .831.02 
2 .641.00 .801.01 .611.02 .761.01 
X .651.01 .791.01 .691.04 .791.02 
V: F^ is the same as F,. FY-F^ were tested on different ethanol 
concentration than F^-Fg. 
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carry. It is possible that alcohol stress had some effects on the egg 
production of the flies, and the observed simultaneous increase in the 
weight and the ADH amount in the females of Strain B could be reflective 
of that aspect of alcohol stress conditions. 
Table 31 gives the correlation coefficient between weight and a-GPDH 
activity and in about half of the cases a significant correlation is ob­
served. Since the amount of a-GPDH protein was not determined in this 
study, it is hard to further speculate about this correlation. Among the 
six strains, Strain Nat. is the only strain which does not show any sig­
nificant correlation between weight and the 3 measured parameters, and 
still both males and females of this strain show as much weight variation 
during the experiment as any other strain. 
Another important point is that weight variation in most strains is 
random and not directional, that is, flies have not gained or lost weight 
progressively during the experiment. Table 32 gives correlation coeffic­
ients between weight and generation for each strain in phase I. Only 
females of Strain A show a significant negative correlation, that is, 
females of this strain progressively lost weight. As mentioned before, 
both males and females of Strain A also had lower ADH activity at the end 
of the experiment. But it seems the simultaneous loss of weight and ADH 
activity in the females of Strain A is coincidental because the loss of 
ADH activity in these flies is not associated with a corresponding loss in 
the amount of ADH protein. In summary, the results of this experiment do 
not support the hypothesis that variation in the ADH amount is due to the 
variation in the weight of fly. 
Table 29. Comparison of correlation coefficient between ADH activity and weight in 6 strains of 
D. melanogaster 
Life^ Sample Strain Sample Strain 
Sex Stage Size A B AB Nat. Size Homo-1 Homo-2 
9 1 9 . 73" .60 -.20 .47 5 .83 .51 
2 6 .92** .67 .91* .78 6 .91* .93** 
cf 1 9 . 82** . 64 .44 .43 5 .92* .34 
2 6 .89* .87* .91* .80 6 .87* . 96** 
t 1, ethanol stress at adult stage; 2, ethanol stress at entire life period. 
* p<0.05, p<0.01. 
Table 30. Comparison of correlation coefficient between relative amounts of ADH and weight in 6 
strains of D. melanogaster 
Life^ Sample Strain Sample Strain 
Sex Stage Size A B AB Nat. Size Homo-I Homo-2 
9 1 9 -.23 . 84** -. 14 -. 60 5 -. 44 -. 64 
2 6 -.51 -. 36 -.32 .54 6 -.74 .03 
^ 1 9 . 13 .41 .49 ' .41 5 . 16 .86 
2 6 -.77 -. 66 -.77 .64 6 -. 60 .38 
t 1, ethanol stress at adult stage; 2 ,  ethanol stress at entire life period. 
" p<0.05, p<0.01. 
Table 31. Comparison of correlation coefficient between a-GPDll activity and weight in 6 strains of 
D. melanogaster 
+ 
Life Sample Strain Sample Strain 
Sex Stage Size A B AB Nat. Size llomo-1 Homo-2 
9 1 9 
2 6 
-.22 
. 85* 
. 73" 
.92"" 
.03 
. 90* 
.50 
.58 
5 
6 
. 89* 
.78 
-.43 
.97** 
cf 1 9 
2 6 
. .65 
. 9 6 
. 86** 
.72 
.67* 
. 89* 
.51 
.79 
5 
6 
. 89* 
.97** 
.67 
.93** 
t 1, 
•• p<0 
ethanol stress at 
.05, p<0.01. 
adult stage; 2, ethanol stress at entire life period. 
Table 32. Comparison of correlation coefficient between generation 
melanogaster in Phase I (ethanol-treated at adult stage) 
and weight in 6 strains of D. 
Sample Strain Sample Strain 
Sex Size A B AB Nat. Size Homo-1 Hoiiio-2 
9 . 9 -.72" . 36 .32 . 65 5 .44 -. 86 
cf 9 -. 69 .32 .05 .55 5 . 12 -.71 
t 1, ethanol stress at adult stage; 2, ethanol stress at entire lite period. 
" p<0.05, p<0.01. 
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4. Discussion 
A persistent question in the study of alcohol adaptation during the 
last decade has been whether this adaptive process is dependent or in­
dependent of the ADH system (see statement of problem). Since a positive 
correlation between ADH activity and alcohol tolerance has not been found 
in all the studies related to alcohol adaptation (see results section), 
many investigators of this field have come to the conclusion that alcohol 
adapation is independent of the ADH system. Unfortunately, in exploring 
the genetic basis of adaptation in alcohol environments, many investi­
gators have ignored a simple fact, that is, since most probably adaptation 
happens in successive generations, the study of adaptation should be fol­
lowed in successive generations too. Almost all the work done so far is 
mainly about alcohol adaptation in a single generation (see results, page 
142). 
The exception is the work of David and Bocquet (1977) who selected 
for increased alcohol tolerance generation after generation. However, 
they never addressed the direct role of the ADH system in this process. 
Their main point was only to show that flies do respond to selection for 
alcohol tolerance. In another study by Gibson et (1979), alcohol 
adaptation was followed for 10 generations to find out the role of ADH 
system in this process. However, in this study alcohol tolerance and ADH 
activity were measured only in the last generation, again ignoring the 
actual process of adaptation at every successive generation. The present 
study is the first study in which alcohol adaptation and the role of the 
ADH system in this process were followed in 9 successive generations. The 
results of this detailed experiment again indicate the lack of a universal 
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positive correlation between ADH activity and ethanol tolerance. Never­
theless, turning back from the obvious conclusion, that is, the independ­
ence of alcohol tolerance from ADH system, and instead paying more atten­
tion to the up s and downs of flies' responses during the several genera­
tions of the experiment, enables one to arrive at another conclusion. 
The first indication of the active role of the ADH system in alcohol 
adaptation of the flies of this experiment comes from the results given in 
Table 33 which shows the correlation between ethanol tolerance and ADH 
activity changes its direction in different generations (though in many 
cases not statistically significant). These changes could be indicative 
of either a random event, or an adaptive process happening in its own very 
peculiar way. To rule out that these changes are reflective of random 
events, the ADH activities of the 2 replicates of the 4 mixed strains of 4 
generations were graphed versus their corresponding values for ethanol 
tolerance, males and females separately (Fig. 14, 15). 
As these graphs show, the correlation between these 2 parameters is 
neither an indicative of a random event, nor a positive correlation con­
sistently. Rather it is positive up to a certain limit and then becomes 
negative. This certain limit is when ADH activity is intermediate. It 
should be mentioned that, as the figures show, this intermediate ADH 
activity is not a fixed quantity, rather is somehow variable depending on 
the strain of fly and therefore represents a small range in ADH activity. 
Positive and negative correlations can actually happen in a successive 
pattern because when starting ADH is low, selection for increased ethanol 
tolerance proceeds to select the flies with higher ADH activity which 
makes the flies more tolerant. But when starting ADH activity is very 
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Table 33. Comparison of correlation coefficient between ADH activity and 
ethanol tolerance for each generation of 6 strains of 
D. melanogaster 
Generationt 
Strain Sex n* F, Fo Fo F, F^ F, F^ F^ 1 2 3 4 5 6 4 6 7 
4 mixed 9 8 -.03 .13 -.22 . 881'-'; • .14 -.41 -.43 .15 .05 
strains 
cJ 8 .01 -.39 -.97** .73* .43 -.21 -.24 .53 -.05 
^1 ^2 ^3 ^5 ^6 
2 homo­ 9 4 .82 .80 
00 1 
.99* 
zygote 
strains cf 4 .86 
CM C
O
 1 CO
 
00
 
.93 
9 & d" 8 .80* .47 .86''"'' .92** 
t For generation description of mixed strains, see Table 2. 
Î n = No. of strains x2 replicates for each strain, except for in which 
n = 5. 
" p < 0.05. 
p < 0.01. 
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high, the ethanol tolerance of flies drops drastically (the biochemical 
reason for this drop is the topic of the next study) resulting in death of 
flies. Therefore, flies with very high ADH activity will not be able to 
contribute to the gene pool of the next generation. The net result of 
these two opposite processes is that flies with intermediate activity are 
selected for. In other words, stabilizing (normalizing) selection is 
proposed as the selective mode for increased alcohol tolerance. 
The proposed stabilizing selection can now explain many of the con­
fusing results of this experiment. For example: (1) why Strain A with 
the highest ADH activity at the beginning of the experiment was not the 
best alcohol tolerant strain too; (2) why Strain A lost about 20% of its 
ADH activity by third generation; (3) why Strain Nat. with the lowest ADH 
activity at the first generation increased its ADH activity by about 70% 
at the end of the experiment; (4) why the four mixed Strains with differ­
ent initial ADH activity reached more or less the same ADH activity at the 
last generation of the experiment; and (5) why the decrease in the ADH 
activity in females of Strain AB (in the phase II of the experiment) was 
associated with the increase in their ethanol tolerance. Stabilizing 
selection can also explain some of the conflicting results of other in­
vestigators (see results, page 142): (1) why Adh heterozygote flies with 
intermediate activity are as ethanol tolerant as Adh-F with higher ADH 
activity; (2) why the flies in the study of Gibson et al. (1979) while 
were selected for increased ethanol tolerance had lower ADH activity than 
unselected flies. 
The molecular basis of the increase in the ADH activity of the 
several strains of this experiment is unknown at this point. In the 
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experiment of McDonald et (1977), the selected flies had higher ADH 
activity due to higher ADH amount, that is, the ADH regulatory gene(s) 
responsible for increasing the ADH amount were selected in their experi­
ment. In the present study, only higher ADH activity in Strain B is due 
to higher ADH amount. The same explanation could be applied here again, 
but since Strain B of this study and flies of McDonald's study had differ­
ent genetic makeups, another explanation seems reasonable as well. Strain 
B was variable for Adh structural gene, that is, three Adh-F alleles (F^, 
F^, Fg), each giving its carriers a different amount of ADH protein, were 
present in this population at the beginning of the study. It is possible 
that at the end of the experiment (or anytime during the experiment), F^ 
allele (with the highest amount of ADH protein) became almost fixed in 
this strain. Therefore, ADH regulatory gene(s) could have no main role 
in the simultaneous increase of the ADH activity and amount in Strain B. 
As for the other strains, an increase in ADH activity (with no in­
crease in ADH amount) resulted by other means than the effect of the ADH 
regulatory gene(s) on the rate of ADH enzyme synthesis or degradation. 
Still, the ADH regulatory gene(s) could have acted through some kind of 
activators of ADH activity or by changing the rate of product removal. 
Another possibility is that the ADH enzyme became kinetically more effi­
cient during alcohol adaptation. With the data available from this study 
it is very hard to pick either of these alternatives. What these data 
indicate at this point is that alcohol adaptation proceeds by favoring a 
more efficient ADH enzyme to degrade environmental ethanol. 
There are two results in this experiment which cannot be explained by 
stabilizing selection: (1) the drastic drop in survivorship on 12% 
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ethanol after six generations exposure to 12% ethanol; and, (2) the adap­
tive responses of the two homozygote strains. First considering the first 
result, as mentioned before, by the third generation, all 4 mixed strains 
had higher ethanol tolerance than the first generation. By the fifth 
generation, ethanol tolerance dropped significantly in strains AB and Nat. 
And by the sixth generation, all strains reached their lowest ethanol 
tolerance (except one of the replicates of Strain Nat.). The reason for 
these unexpected results, most probably, is inbreeding depression. In 
many studies working with successive generations, inbreeding, depression 
shows its effect by the third generation (Robertson, 1955). In my ex­
periment inbreeding depression apparently started to show its effect on 
the flies after the fourth generation. With respect to the second result, 
the adaptive responses of the two homozygote strains could be either 
because of contamination in stocks or the effect of alcohol stress on 
flies. Further study is needed to verify the second alternative, i.e., 
stress induced variation in homozygote strains. 
The purpose of this study was mainly to answer the following ques­
tion: which adaptive response is favored in alcohol environment, 
selecting Adh structural gene or its regulatory gene(s)? Although there 
is no conclusive answer, the question seems to be irrelevant. Irrelevant 
in the sense that the relative importance of the Adh structural gene 
versus its regulatory gene(s) does not seem to be the major factor in 
alcohol adaptation. The most important factor is the level of ADH activi­
ty; and how this becomes modified (i.e., by structural or regulatory 
change) is of secondary importance. The Adh genotype with an intermediate 
ADH activity at the time of exposure to high alcohol environment, will be 
178 
selected for regardless of whether the appropriate ADH phenotype has 
resulted from structural or regulatory change. 
Therefore, it seems somewhat irrelevant to correlate the specific 
responses of different strains of this experiment to their specific Adh 
genotype. For example, Strain A with variation only at ADH regulatory 
gene(s) did not respond positively to selection in alcohol environment and 
its ADH activity dropped significantly at the end of the experiment. One 
conclusion would be that flies with variation only at their ADH regulatory 
gene(s) do not respond positively to selection. However, the other re­
sults suggest that the negative response of Strain A was because it had a 
very high starting ADH activity. Stabilizing selection proceeded to bring 
its ADH activity to an intermediate level and that is the reason Strain A 
responded negatively to selection. 
In conclusion, the evolutionary model of Hedrick and McDonald (1980) 
which predicts that changes in genetic regulation would be the favored 
genetic strategy for a population adapting to a sudden and significant 
environmental change does not apparently apply to alcohol stress applied 
in my experiments. 
B. Alcohol Environment and Maintenance of Alcohol Dehydrogenase 
Polymorphism in Drosophila melanogaster 
1. Introduction 
The ADH system, one of the most extensively studied enzyme systems in 
any organism, has also proven to be most elusive to understand. It had 
been thought by the mid-seventies that the bases for the maintenance of 
the Adh polymorphis in D. melanogaster were found. The Adh-F allele with 
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an enzymatically more efficient gene product was generally found to be 
favored in alcohol stress environments (Gibson, 1970; Briscoe et al., 
1975; Van Delden et al., 1975). Furthermore, a latitudinal dine was 
observed for Adh gene frequency in many parts of the world, in such a way 
that Adh-S allele showed very high frequency near the equator (Vigue and 
Johnson, 1973; Pipkin et al., 1973, 1976; see Section 1-9.a). Therefore, 
the experimental results indicated the advantage of the Adh-F over Adh-S 
allele in alcohol environments, and the ecological surveys suggested the 
advantage of the Adh-S over Adh-F allele in environments with high temper­
atures . 
By 1981, however, it was evident to most researchers that this 
scenario was not correct. The reason was that by this time surveys of 
Adh-F gene frequencies in wineries (one of the natural habitats of D. 
melanogaster) did not support earlier experimental findings about the 
advantage of the Adh-F allele in alcohol environments (Marks et al., 1980; 
Gibson et al., 1981; see Section 1-9.b). At the same time, the ADH studies 
carried out at high temperatures failed to support the earlier ecological 
surveys suggesting the advantage of the Adh-S allele in high temperatures 
(Van Delden and Kamping, 1980; see page 52). 
The key in solving this problem was the realization that since in 
wineries the Adh locus is polymorphic, the alcohol environment must in 
some ways also favor the Adh-S allele. It has recently been hypothesized 
that kinetic differences exist between Adh-F and Adh-S gene products which 
could selectively favor the Adh-S allele in low alcohol environments 
(McDonald et al. , 1980; Anderson et al., 1981; see pages 37 and 54). 
Since most studies indicating the advantage of the Adh-F over Adh-S allele 
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were carried out at intermediate alcohol concentrations, it is necessary 
to find out what happens to different Adh alleles at high alcohol concen­
trations. The reason is simple: in wineries alcohol concentration ranges 
from low to high. Therefore, the second study of this dissertation was 
designed to address the following questions: (1) does Adh-F gene product 
retain its advantage at high alcohol environments?; (2) if not, what is 
the biochemical basis for its disadvantage at high alcohol concentrations? 
2. Materials and methods 
a. Strains of flies Three strains of D. melanogaster, two of them 
made completely homozygous for their entire first, second, and third 
chromosomes, were used in this experiment (see page 101). Strain F g 
carried the Adh-F allele and Strain S^, the Adh-S allele. The third 
strain F^/S^ was again completely homozygous for its second and third 
chromosomes with the exception of Adh locus which was heterozygous for 
Adh-F» and Adh-S, alleles. 
b. Determination of alcohol tolerance The relative survivorships 
of the three strains were tested on 0, 5, 10, 15, and 20% ethanol. Each 
test chamber consisted of 2 small jars (1" x 1" x 2") on top of each other 
with their openings separated from each other by 2-ply cheese cloth (taped 
to the lower jar). A sponge (.75" x .75" x .75") saturated with 1 ml 
solution (water or ethanol) was placed in one jar and the tested flies in 
the other jar. Then, the 2 jars were taped together at the points of 
their connections, and placed in the incubator (25°C, constant humidity 
and lighting ). The difference between this type of chamber and regular 
vial is that in the chamber flies are not exposed to alcohol solution, 
rather to its vapor. 
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Before exposing the flies to alcohol, 5-11 days old flies were al­
lowed to fully recover from light etherization for a period of 2-3 hours. 
Survivorship on water (control flies) were tested on 600 F^, 600 and 
600 1'2/S]^ flies (for each strain 6 replicate chambers, each containing 50 
females and 50 males). On 5% ethanol, 400 F^, 400 S^, and 300 Fg/S^ flies 
(4, 4, and 3 replicates, respectively) were tested. The same number of 
flies and replicates were tested on 10% ethanol. On 15% ethanol, 600 F^, 
600 S^, and 300 Fg/S^ flies were tested (6, 6, and 3 replicates, respec­
tively) . The number of flies dead in each chamber was counted and 
recorded every 12 or 24 hours (depending on ethanol concentration used in 
each chamber). On 20% ethanol, 1200 F^, 1200 , and 900 Fg/S^ flies were 
tested (24, 24, and 18 replicates respectively). Because flies had a very 
low level of survivorship on 20% ethanol, the previous procedure was 
modified a little; the mortality of flies was recorded every hour for a 
period of 6 hours. 
c. 2-propanol pretreatment 1 ml 1% 2-propanol per day (for 3 
successive days) was added to food bottles in which 4-8 days flies were 
kept. Such treatment results in about 90% reduction in ADH activity 
levels (Anderson and McDonald, 1981). Pretreated flies of each strain 
were exposed to 20% ethanol using the same procedure mentioned in the 
previous section for 20% ethanol. The only difference was that 900 flies 
were used for each strain. 
d. Determination of acetaldehyde tolerance The relative survivor­
ship of strains F^ and S^ were tested on 0, .5, 1, 2, 6, 8, 10, 15, 17.5, 
20, and 25% acetaldehyde. Each different acetaldehyde concentration was 
made in 3% sucrose solution. Strain Fg/S^ was tested only on 0 and 25% 
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acetaldehyde. For each strain and each acetaldehyde concentration tested, 
6 replicate vials (3 vials for females and 3 vials for males) each con­
taining 10 flies (5-11 days old), were used. .5 ml of a specific concen­
tration of acetaldehyde were added to each vial according to the procedure 
described in page 104. The number of flies dead in each vial was counted 
and recorded every 12 to 24 hours. 
e. Biochemical measurements ADH activity and the amount of ADH 
protein were determined by the same techniques used in the first study 
(see page 107-108). 
3. Results 
The results of alcohol tolerance of the three strains at different 
concentrations of ethanol are presented in Table 34 as hours to 50% mor­
tality. Some of the values given in this table are the actual observed 
values and the others are the normalized values. Actual values are those 
of: (1) the control flies of each strain, (2) all tested concentrations 
for Strain S^, and (3) the 20% ethanol concentration of all three strains 
(since no mortality occurred in their corresponding control flies). 
Because the control flies of Strain S^ survived a little less than control 
flies of the other 2 strains, all other values were normalized to control 
flies of S^. 
The following procedure was used for normalizing and obtaining the 
average 50% mortality for each sex, strain, and ethanol concentration: 
(1) percent dead flies in each replicate and time interval (when the 
number of dead flies were recorded) was calculated; (2) the average per­
cent dead flies of each of the three control strains was calculated for 
each time interval; (3) the average percent dead flies of each time 
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interval of control-S^ was subtracted from the same value of control-F^ 
(or control-Fg/S^ ) ; (4) the balance was added to percent dead flies of 
each replicate of each tested concentration of ethanol of Strain (or 
Strain Fg/S^); (5) a separate graph was made for each sex, strain, and 
ethanol concentration using the normalized values of percent mortality on 
X axis and time (hour) on y axis (for Strain S^ actual values were used to 
make graphs); (6) 50% mortality was graphically determined for each repli­
cate; and, (7) the average 50% mortality was calculated. The values given 
in Table 33 for males and females together were obtained by making another 
set of graphs (applying the same procedure) using the sum of the numbers 
of males and females of each time interval. 
The data of Table 34 show that: (1) on 5% ethanol, Strain S^ had a 
higher survivorship than Strain F^ (not statistically significant), and 
Strain Fg/F^ lived more than twice longer than the other 2 strains; (2) on 
10% ethanol. Strain F^ had the highest survivorship and Strain Fg/S^ the 
lowest survivorship among the other strains; (3) on 15% ethanol, ^ 2/8^^ had 
the lowest survivorship, whereas strains F^ and S^^ showed more or less the 
same mortality; and, (4) on 20% ethanol, S^ and Fg/S^ had the same level 
of survivorship, but Strain F^ lived significantly shorter than the other 
strains. Indeed, strains S^ and Fg/S^ lived twice as long as Strain F^. 
First considering strains F^ and S^, their results on 5% ethanol are 
consistent with previous studies (see introduction to the second study, 
page 178). On 10% ethanol, it was expected that Strain F^ would survive 
longer than Strain S^ because Strain F^ had higher ADH activity than 
Strain S^^. This result is also consistent with other studies (Briscoe et 
al., 1975; Anderson et al., 1981). The results of strains F^ and S^ on 15 
Table 34: Comparison of hours to 50% mortality in 3 strains (2 Adh-homozygotes and one Adh-hetero-
zygote) of D. melanogaster at different concentrations of ethanol 
9 a (f & 9 
(Ethanol]% 
^2 Si F2/S1 ^2 Si VSi ^2 Si VSi 
0 36.83 
±1.64 
35.40 
±4.23 
39.18 
± 6.16 
23.67 
±2.96 
22.20 
±3.68 
30.80 
±5.40 
31.76 
±1.45 
28.66 
±3.44 
34.76 
±5.11 
5 39.75 
±5.25 
59.00 
±4.00 
129.10 
±39.63 
37.00 
±5.00 
42.25 
±2.75 
88.70**8 
±5.83 
38.00 
±4.50 
49.00 
±2.00 
96.33*F 
±13.86 
10 
**FS 
57.25*8 
±1.75 
46.00 
±0.00 
28.08*8 
± 3.68 
*F8 
56.50*8 
±0.50 
40.00 
±2.00 
28.00 
±4.21 
**F8 
56.00**8 
±1.00 
43.50 
±0.00 
-A-A-p 
25.95*8 
±2.78 
15 25.83 
±4.53 
18.00 
±2.52 
8.67*8 
± 2.17 
16.17 
±2.05 
15.50 
±1.61 
6.08***8 
±0.66 
19.00 
±2.36 
16.33 
±1.86 
F 
6.97*** 
±0.67 
20 
*FS 
2.33**S 
±0.07 
3.81 
±0.23 
4.41 
± 0.51 
**F8 
2.05**8 
±0.28 
4.06 
±0.46 
4.59 
±0.21 
vV-A-FS 
2.07**S 
±0.22 
3.92 
±0.31 
4.75 
±0.24 
20^ 
*FS 
4.71*8 
±0.32 
3.36 
±0.15 
2.80 
±0.25 
*F8 
4.73*8 
±0.32 
3.24 
±0.32 
3.07 
±0.25 
*F8 
4.75*8 
±0.29 
3.26 
±0.26 
2.92 
±0.19 
t Flies were pretreated with 2-propanol and then exposed to 20% ethannl. 
* Student's t-test p < 0.05, student's t-test p < 0.01, student's t-test p < 0.001; 
comparisons were made for each sex and ethanol concentration between F and S , F., and Fg/S^, 
S and F^/Sjj e.g., *FS in F^ colimiii means F^ and Fg/S^ are significantly different from each 
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and 20% ethanol, however, are very unexpected because the higher ADH 
activity of Strain was assumed to give higher ethanol tolerance to 
flies of this strain at these ethanol concentrations. It is hard to 
compare these results with those of any previous study because in most 
studies ethanol tolerance was tested on 6-10% ethanol concentrations. The 
only exception is the study of Van Delden et al. (1978) in which high 
ethanol concentrations were used (20, 25, and 30%). In that study Adh-F 
homozygotes showed much higher survivorship than Adh-S homozygotes. 
However, the results of Van Delden's study should not be compared to my 
study because in his study flies were exposed to high concentration of 
ethanol mixed with regular food, resulting in a completely different level 
of ethanol stress in flies. Also, the effective alcohol concentration may 
not have been as high as he thought. 
Now considering Strain F^/F^, its results are also unexpected. Most 
previous studies have showed that although Adh heterozygotes had inter­
mediate ADH activity, its survivorship at intermediate and high ethanol 
concentrations (mixed with regular food in the latter concentration) was 
closer to that of Adh-F homozygotes (Briscoe et al., 1975; Van Delden 
et al., 1978; see pages 49 and 52). In one study, however, Adh heterozy­
gotes were found to have an ethanol tolerance similar to that of Adh-S 
homozygotes (Ziolo and Parsons, 1982; see page 57). Because in most 
studies an association between intermediate ADH activity and high ethanol 
tolerance was observed in Adh-heterozygotes, one explanation for the un­
usual results of Strain Fg/S^ could be because it did not have an inter­
mediate ADH activity. 
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To test this alternative explanation, ADH activity and the level of 
ADH cross reacting material (CRM) were measured in all three strains, and 
the results are given in Table 35. As this table shows, the ADH activity 
in males of Fg/S^ was intermediate between those of strains and . In 
females of however, the ADH activity was as low as in Strain . When 
ADH CRM level was considered, in the males of Fg/S^ it was the same as in 
the males of Strain F^, whereas females of Strain Fg/S^ showed an inter­
mediate level. Intermediate (in males) or low (in females) ADH activity 
of Strain Fg/S^ may explain why it survived so well on 5% ethanol, and so 
poorly on 10 and 15% ethanol. This pattern of ethanol tolerance in Fg/S^ 
is very similar to that of Strain S^. But it should be emphasized that 
the similarity between strains S^ and Fg/S^ is only limited to the 
pattern of ethanol tolerance at different ethanol concentrations, and not 
absolute mortality values (except for 20% ethanol in which both had the 
same absolute mortality values). On 5% ethanol, Fg/S^ flies showed strong 
heterosis and lived twice as long as S^ flies (and F^ flies). On 10 and 
15%, Fg/S^ flies showed heterozygote disadvantage and had considerably 
lower ethanol tolerance than S^^ flies (and F^ flies). 
There is also another dissimilarity between the results of strains 
and Fg/S^. Strain S^ showed the effect of ethanol toxicity (lower 
survivorship than its control) on 15% ethanol (just like Strain Fg), 
whereas Strain Fg/S^ showed high mortality starting from 10% ethanol. The 
difference in the level of ethanol tolerance between strains Fg/S^ and S^^ 
on 5-15% ethanol concentrations may be a reflection of the fact that ADH 
enzyme of Fg/S^ is a heterodimer and possibly has some different bio­
chemical properties. 
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Table 35. Comparison of ADH activity, level of ADH cross reacting 
material (amount), and weight in 3 strains of D. melanogaster 
Sex StrainI ADH ADH ADH Weight/ 
activity/fly activity/mg amount fly 
9 
^2 
1.59+.08 1.74±.09 11.13±.16 .901.01 
Si 1.02±.12 1.11±.09 9.75±.09 .901.03 
F^/Si 1.10±.10 .99+.11 10.62±.07 1.081.02 
GF 
^2 
1.90±.07 2.64±.16 13.94.24 .711.02 
Si 1.15+.02 1.72±.07 11.72±.20 .661.02 
VSi 1.66+.05 2.121.09 13.931.04 .781.01 
I F2 is Adh-F homozygote, S- is Adh-S homozygote, and F./S^ is their 
heterozygote. 
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4. Discussion 
The results of the first study of this thesis suggested that stabil­
izing selection in ethanol stress environments acts upon different Adh 
genotypes in such a way that flies with very high ADH activities would 
have lower fitnesses than flies with relatively lower ADH activities. The 
results of the present study on 15 and 20% ethanol concentrations, that 
is, 7^ flies having the same mortality as flies on 15% and much higher 
mortality than both and F^/S^ flies on 20% ethanol, indeed reflect the 
same situation observed in the first study. In other words, flies 
showed relatively lower ethanol tolerance because they had relatively 
higher ADH activity. Having observed the same results in both studies, 
the immediate question is what is the biochemical basis for the lower 
fitness of Strain (or Strain A of the first study, or any other strain 
with high ADH activity) at high ethanol concentrations? 
There are at least two different hypotheses to explain this phenome­
non. Both hypotheses assume acetaldehyde toxicity as the cause of higher 
mortality of Strain F^, but they have essentially different biochemical 
bases. Ethanol is oxidized into non-toxic acetate in the following path­
way: 
CHg-CHgOH — ) CHg-CHg CH^-Coo" 
ethanol acetaldehyde acetate 
Both hypotheses assume acetaldehyde buildup in Strain F^, but by 
different means. In the first hypothesis, acetaldehyde buildup is assumed 
to be the result of relatively higher rate of conversion of ethanol to 
acetaldehyde in Strain F^ than in strains S^ and Fg/S^. In other words, 
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in Strain ethanol is converted to acetaldehyde at a rate faster than it 
can be removed by the second enzyme of ethanol oxidation pathway (aldehyde 
oxidase (AO) does not seem to be the second enzyme, see page 60). On the 
other hand, and with relatively lower ADH activities are not able 
to accumulate acetaldehyde at the same time interval. 
According to the alternative hypothesis, the rate of conversion of 
ethanol to acetaldehyde is the same in all three strains, but acetaldehyde 
accumulates in Strain because its second enzyme of the ethanol oxida­
tion pathway is less active (or has lower CRM level) than the other two 
strains. Both these two different hypotheses can be tested easily. 
Considering the first hypothesis first, it can be tested by inducing 
partial ADH null phenocopies with 2-propanol and to see if under these 
reduced ADH activities the advantages of strains S^ and Fg/S^ are lost. 
Should the higher ADH activity be the cause of lower fitness of F^ at 20% 
ethanol. Strain F^ with reduced ADH activity should tolerate 20% ethanol 
better than before. Before discussing the results of 2-propanol pre-
treatment, it is necessary to examine the effects of 2-propanol on ADH 
enzyme and alcohol tolerance of flies. 
When flies are exposed to 2-propanol or when ADH enzyme is incubated 
with 2-propanol m vitro, a complete change in the ADH isozyme pattern is 
observed after about 5 hours such that the predominant ADH-5 isozyme 
disappears and ADH-1 isozyme, which at normal condition has a very faint 
electromorph band, becomes the predominant isozyme form (Schwartz et al., 
1975). The effects of this conversion on the biochemical properties of 
ADH enzyme are: (1) a significant drop in ADH activity; but (2) an 
increase in ADH ^  vivo stability, resulting in an increase in ADH ^ 
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vivo level (Anderson and McDonald, 1981). It was previously shown that 
these biochemical changes in ADH enzyme affected the survivorship of flies 
in alcohol environment such that Adh-S and Adh-F homozygotes both showed 
lower survivorships than flies not pretreated, when tested on 0 to 8% 
ethanol concentrations (Shadravan and McDonald, 1981). 
The last line of Table 34 gives the results of 2-propanol pretreat-
ment in strains , and Fg/S^ as hours to average 50% mortality. If 
the first hypothesis is correct, then these results should be consistent 
with the following predictions: (1) pretreated Strain F^ should have 
significantly higher tolerance on 20% ethanol than pretreated strains 
and Fg/S^; (2) pretreated Strain F^ should have significantly higher toler­
ance on 20% ethanol than not pretreated Strain F^; (3) pretreated Strain 
Fg/S^ should have significantly lower tolerance on 20% ethanol than not 
pretreated Strain Fg/S^ because pretreatment would reduce the intermedi­
ate ADH activity of Fg/S^ to a disadvantageous level; and, (4) pretreated 
Strain Sj^ should have significantly lower tolerance on 20% ethanol than 
not pretreated Strain S^ because the ADH activity of Strain S^ would be 
too low after treatment. 
Indeed, the results of pretreatment are consistent with the first 3 
predictions. As for the 4th prediction, the tolerance of pretreated S^ is 
lower than not pretreated Strain S^ (as expected) but not significantly. 
It should be noted that the data given in Table 34 is hours to 50% mor­
tality, and it is usually a very good choice to compare different values. 
But it only can detect the difference between flies at 50% mortality 
level. It is possible that pretreated and not pretreated flies differ 
significantly from each other at other mortality levels. The best way to 
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verify this possibility is to compare the results of pretreated and not 
pretreated flies at every hour of the 6-hour period in which mortality 
was recorded. Figure 16 and Table 36 give the observed mortality values 
for each hour and strain. As Table 36 shows, pretreated Strain had 
significantly lower tolerance than not pretreated Strain S^ after 4, 5, 
and 6 hours exposure to 20% ethanol. According to the data of this table 
and as Figure 16 shows, the order of ethanol tolerance after 2, 3, and 4 
hours of 20% ethanol exposure is ^2^^1^^1^^2 Pretreated flies and 
^2^^1^'^2^^1 pretreated flies, exactly as predicted by the first hy­
pothesis . 
Another question about 2-propanol pretreatment not addressed so far 
in this experiment, is that does pretreatment have the same effect on the 
level of ADH activity of strains F^, S^, and F^/S^? It was shown before 
that pretreated males of Strain F^ lost about 93% of their ADH activity 
(Anderson and McDonald, 1981). In my experiment, the drop in ADH activity 
was monitored only in Strain Fg/S^, and the loss was 77% in males and 87% 
in females with the same level of pretreatment used for Strain F^. Higher 
concentration of 2-propanol and longer period of pretreatment both failed 
to bring the ADH activity in Fg/S^ to the same level of Strain F^. How­
ever, this differential loss of ADH activity in strains F^ and Fg/S^ (1) 
may be insignificant at the physiological level, and (2) does not change 
the conclusion reached in this experiment. It may suggest again that 
since ADH enzyme of Fg/S^ is a heterodimer, it has different biochemical 
properties to some extent. 
Now considering the second hypothesis, it assumes that Strain F^ dies 
very quickly at high ethanol concentration because its accumulated 
Table 36. Comparison of mortality (observed values) in 3 strains of D. melanogaster at different 
hours of exposure to 20% ethanol 
a. Strain^ 
Hours 2-Propanol 
on 20% Not Pretreated Pretreated 
Ethanol 
^2 Si V^l ^2 Si V^i 
1 7 75±4. 15 0 5010 50 0 
o
 
0
 
1
 
o
 0 0010 00 0 0010 00 0 O
 
p
 
b
 
o
 
2 23 75±3. 17 3 50+1 50* 0 8310.83** 1 0010 58 4 0012 08 0 0010.00 
3 34 75±3. 30 13 5014 48* 8 3313.33— 7 3310 33 18 0016 44 29 1717.26 
4 37 75±3 15 25 7513 59 10 0012.50** 19 33+6 94 36 67+1 33* 50 0010.00* 
5 43 7513 07 30 25+5 27 31 .67+6.51 31 3312 61 48 0011 00* 50 0010.00** 
6 41 50+5 32 28 00+3 63 43 .33+0.83 24 00+7 10 50 0010 .00* 50 .0010.00* 
* Student's t-test p<0.05, student's t-test p<0.01; comparisons were made for each hour between 
(1) not pretreated (F« and S^, F„ and F„/S^), (2) pretreated (F„ and S , F„ and F„/S.). 
î For each hour, strain, and condition 50 flies (20d\ 25$) were used. 
J F^ is Adh-F homozygote, is Adh-S homozygote, and F^/S^ is their heterozygote. 
100 
«n 
50 
X— X F 
O 
0 
HOUR 
Fig. 16 Comparison of responses of different Adh genotypes to high concentration of ethanol 
a. on 20% ethanol, b. pretreated with 2-propanol and then exposed to 20% ethanol. 
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acetaldehyde cannot be converted to acetate as fast as it is converted in 
the other 2 strains. In other words, it assumes that the enzyme respon­
sible for conversion of acetaldehyde to acetate is less active in Strain 
than in strains and F^/S^. One prediction of this hypothesis is 
that Strain F^ should be less tolerant to acetaldehyde than the other two 
strains. To test this second hypothesis, acetaldehyde tolerance of the 
three strains were tested on a variety of acetaldehyde concentrations (0 
to 25%). It should be mentioned that the choice of these acetaldehyde 
concentrations was arbitrary because the concentration of acetaldehyde at 
cellular level is unknown (as it is for ethanol). The only way to assess 
the effect of different acetaldehyde concentrations is to see at what 
concentration flies start to show mortality. The three strains of this 
experiment all lived longer than their controls up to 8% acetaldehyde, and 
started to show mortality on 10%. 
Table 37 gives acetaldehyde tolerance of males and females separately 
and together as hours to 50% mortality on 10, 15, 17.5, 20 and 25%. Only 
the values given for F^/S^ are their observed values, all other observed 
values were normalized to the control flies (with no acetaldehyde) of 
Fg/S^, using the same procedure applied to obtain hours to 50% mortality 
for flies exposed to different concentrations of ethanol (page 183). 
Strain Fg/S^ was tested only at one acetaldehyde concentration (25%). As 
the data of Table 37 show, F^ and S^ had more or less the same acetalde­
hyde tolerance at every tested concentration (with the exception of 
females of F^ which had signifcantly higher tolerance on 20 and 25%). On 
the other hand, Fg/S^ showed significantly lower tolerance than both F^ 
and S^ on 25% (the lower acetaldehyde tolerance of Fg/S^ might be the 
Table 37: Comparison of hours to 50% mortality in 3 strains (2 Adh-homozygotes and one Adh-hetero-
zygote) of D. melanogaster at different concentrations of acetaldeliyde 
%Acetal-
dehyde 9 
a a & 9 
^2 .Si F2/S, F, Si fz/Si ^2 Si F^/S, 
ID 257.56 
±31.18 
236.33 
±12.33 
237.00 
±15.52 
258.00 
±15.62 
255.00 
± 8.00 
269.00 
±14.42 
15 241.33 
±23.55 
266.33 
±14.68 
183.33 
±19.37 
199.33 
±21.98 
214.67 
±24.55 
243.67 
± 4.67 
17.5 184.33 
± 7.06 
232.33 
±35.83 
162.67 
± 7.54 
174.00 
± 5.69 
178.67 
± 5.36 
193.67 
± 8.57 
20 197.00"--
± 1.00 
165.33 
± 5.78 
152.00 
± 5.03 
165.67 
± 3.76 
178.33 
± 2.33 
183.33 
± 4.10 
25 
i-'rA-s 
197.33 
± 2.85 
165.33 
± 1.67 
104.67"'--S 165.00 
± 1.33 ± 1.15 
160.67 
± 8.11 
105.17" 
± 1.92 
"S 184.67 
±0.33 
181.33 
± 3.28 
-A-A-îVp 
103.67—"S 
± 1.45 
Student's t-test p < 0.01, *** student's t-test p < 0.001; comparisons were made at 25% 
acetaldehyde between each sex of Fg/S and F^, F./S^ and S^, F. and S^. For other acetaldehyde 
concentrations comparisons were made Between eacn sex of F^ and S^. 
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reason why Fg/S^ flies survived so poorly on 10 and 15% ethanol). None of 
these results are consistent with the prediction of the second hypothesis. 
In summary, the results of the second study show that: (1) differ­
ent Adh genotypes did not have fixed fitnesses (adult viability) at dif­
ferent ethanol concentrations. Highest fitness at low concentrations 
belonged to Adh-heterozygote, at intermediate concentrations to Adh-F 
homozygotes and at high concentrations to both Adh-S homozygotes and Adh-
heterozygotes. (2) Relatively higher rate of acetaldehyde accumulation in 
Adh-F homozygotes (due to the higher rate of the conversion of ethanol to 
acetaldehyde) makes it less fit in high ethanol concentrations in spite of 
its high ADH activity. 
C. Effects of Alcohol Stress Environments 
On Drosophila melanogaster 
1. Introduction 
Our present knowledge about the behavior of the Adh gene in alcohol 
stress environments over a prolonged period of time is based on several 
population cage studies, most notably those of Van Delden and his group 
and Cavener and Clegg (see section 1-5.a). The work of these investi­
gators has answered many primary questions about the role of the ADH 
system in alcohol adaptation at the population level. For example, we now 
know that (1) genetic variation at the Adh locus has adaptive signifi­
cance, (2) selection acts directly at the Adh locus, and (3) some other 
genes (metabolically related to Adh) respond to selection in alcohol 
environment as well. Indeed, these findings are far from ordinary. Among 
all enzyme polymorphisms detected in Drosophila during the last twenty 
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years, only one other enzyme system (amylase) has given anything approach­
ing conclusive results at the population level (Hickey, 1977). 
From the knowledge gained by studying these two systems as well as 
other ones with less-conclusive results and numerous models forwarded by 
population geneticists, many investigators assume that virtually every­
thing is known about the adaptive nature of the Adh polymorphism at the 
population level (no new study in this field has been reported since 1978; 
the study of Cavener and Clegg, 1981, was initiated before 1978). The 
problem, as usual, is in defining a process. Should alcohol adaptation be 
defined simply as a process in which the fittest allele (Adh-F) eventually 
goes to fixation in a given population, then scientific research about the 
relationship between ADH system and environmental alcohol at population 
level is done. But if one questions the inherent simplicity of this 
definition, then it is just the beginning of a new exploration. 
There are some investigators who have noticed a particular aspect of 
this problem. Quoting directly from Cavener and Clegg (1978) "Much of 
population genetic theory is framed in terms of gene-frequency changes at 
single loci..., a process tantamount to imagining single-locus organ­
isms." As I see the problem, one has not to go even that far to find 
out that there is something wrong with the current thinking in population 
genetics. Even in studying a single-locus (e.g., Adh), some important 
factors have been ignored thus far, among them: (1) the complexity of a 
given environment in which a population is adapted, (2) the dynamics of 
genotypic fitness in a given environment, and (3) the changes in bio­
chemical properties of an allelic-product in the process of becoming fixed 
in a population. Although each of these factors could be affected by the 
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behavior of other segregating loci, these factors affect the fitness of a 
single-locus directly and primarily. 
The present study was designed to address the role of these ignored 
factors in the process of alcohol adaptation through a wide spectrum of 
questions as the following: (1) what is the effect of different concen­
trations of alcohol on D. melanogaster populations; (2) what is the effect 
of different alcohols?; (3) what is the effect of different mixtures of 
alcohols?; (4) do the fitnesses of different Adh genotypes change from one 
generation to another? From one alcohol to another? From one alcohol 
concentration to another?; (5) what form of balancing selection is most 
likely acting in those population cages under alcohol stress in which 
Adh-F allele does not go to fixation?; (6) is a linear process such as 
changing the Adh-F gene frequency in a given population the only response 
to alcohol stress or do some ^  novo biochemical changes occur in the ADH 
enzyme as well? If so, what is the nature of these biochemical changes? 
and (7) what happens to g-Gpdh locus? (its gene-product provides NAD^ 
as cofactor of the ADH enzyme in alcohol oxidation), and does a-Gpdh 
locus respond to alcohol stress as well? 
2. Materials and methods 
a. Origin of populations Two strains of D. melanogaster made 
completely homozygous for their entire first, second, and third chromo­
somes were used in this study. One strain (S^) carried electrophoretical-
ly Adh-S allele and the other one (F^) Adh-F allele. The strains were 
constructed from wild caught males, collected in Napa County, California 
in September 1974, according to the techniques of McDonald and Ayala 
(1978). 
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Fifty males of either or and fifty females of either or 
were put in each of the ten original bottles. Thus, the initial Adh-F 
frequency in each of the ten original bottles was .50. Flies of these ten 
bottles were transferred to new bottles every few days until after 5 weeks 
72 bottles with about 100 flies in each were collected. Four bottles were 
randomly taken from them to make each of the 18 cages used in this study. 
Flies of each of these four bottles were transferred to a new bottle and 
one hundred adult offspring of each cage were electrophoresed to see 
whether they were in Hardy-Weinberg quilibrium (H-W) or not. Because some 
of the cages deviated from H-W, the 18 cages were maintained for five more 
weeks on regular food. During this time, the number of bottles in each 
cage were raised from 4 to 7. The serial transfer method (Ayala, 1965) 
was used instead of conventional plastic cage with food cups, to avoid 
growth of mites. Nevertheless, the word cage will be used for conveni­
ence. Each cage consisted of one "mating bottle" with only adult flies, 3 
bottles for larvae development, each at a different stage, and 3 "pro­
ducing bottles" in which flies hatched. Three times per week (Mon., Wed., 
Fri.), adult flies from the "producing bottles" and "mating bottle" were 
transferred to a new bottle with fresh food. Addition of flies from the 
"producing bottles" compensated for those flies which died in the "mating 
bottle" either because of old age or alcohol toxicity. Therefore, by using 
this method, the number of flies in the "mating bottle" remained more or less 
constant during the experiment. To keep the number of bottles constant, 
every time a new bottle was added, the oldest "producing bottle" (after 
transferring its adult flies to a new bottle) was discarded. Indeed, each 
bottle was used for 17 days, that is, just before the second generation of 
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flies was hatched. All these measurements were taken to keep the popula­
tion size constant during 21 months that experience was going on. The 
population size in each cage was around 1000, about 500 adult flies and 
500 larvae. 
b. Alcohol treatment Administration of alcohol started on 
September 22, 1980. But before that, 100 adult flies of each of the 18 
cages were electrophoresed again to determine the gene frequency of each 
cage before exposure to alcohol. Eight different selective pressures were 
applied in this experiment, and each type of selective pressure was repre­
sented in 2 cages. Each of the two replicate cages were randomly chosen 
from the 18 original cages to represent flies with a little different 
background and different initial gene frequency. 
The eight selective pressures used and the designation of cages are 
as the following; high concentration of ethanol (stress condition) in 
cages 2a and 2b, low concentration of ethanol (trace amount condition) in 
cages 3a and 3b, high concentration of butanol in cages 4a and 4b, low 
concentration of butanol in cages 5a and 5b, high concentration of 2-
propanol in cages 6a and 6b, mixture of 2-propanol and medium concentra­
tion of ethanol in cages 7a and 7b, mixture of 2-propanol and medium 
concentration of butanol in cages 8a and 8b, and mixture of 2-propanol and 
low concentration of ethanol in cages 9a and 9b. Cages la and lb were set 
up as controls (with no alcohol added). 
Since at the beginning of the experiment there was no information 
available as to what alcohol concentration represents "stress" condition 
(i.e., resulting some mortality among flies) and what concentration repre­
sents "trace" amount (i.e., with no obvious effect on the survivorship of 
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flies), several adjustments in alcohol concentrations were made during the 
experiment. Adjustments were specially necessary for the cages with 
2-propanol because one of the effects of 2-propanol in higher concentra­
tions is to retard the process of hatching in flies. 
In the first 10 weeks of the experiment, .5 ml alcohol were added to 
each bottle once a week (.25 ml of each alcohol in the cages with a 
mixture of 2 alcohols). Concentrations of different alcohols added to 
different cages are as the following; 6% ethanol to 2a and 2b, .5% 
ethanol to 3a and 3b, 1.5% butanol to 4a and 4b, .125% butanol to 5a and 
5b, .25% 2-propanol to 6a and 6b, .25% 2-propanol and 6% ethanol to 7a and 
7b, .25% 2-propanol and 1.5% butanol to 8a and 8b, and .25% 2-propanol and 
.125% butanol to 9a and 9b. .5 ml water were added once a week to la and 
lb. 
Then, for 11 weeks, .5 ml alcohol were added to each bottle twice a 
week with different concentrations as the following: 100% ethanol to 2a 
and 2b, 10% ethanol to 3a and 3b, 20% butanol to 4a and 4b, 2% butanol to 
5a and 5b, 20% 2-propanol to 6a and 6b, 20% 2-propanol and 100% ethanol to 
7a and 7b, 20% 2-propanol and 20% butanol to 8a and 8b, and 20% 2-propanol 
and 2% butanol to 9a and 9b. .5 ml water twice a week were also added to 
la and lb. 
Since after 21 weeks of exposure to alcohol, "stress" conditions were 
not obtained in some instances, concentrations of different alcohols were 
raised once again. The new concentrations were: 16% ethanol to 3a and 
3b, 35% butanol to 4a and 4b, 3% butanol to 5a and 5b, 30% 2-propanol to 
6a and 6b, 30% 2-propanol and 100% ethanol to 7a and 7b, 30% 2-propanol 
and 35% butanol to 8a and 8b, and 30% 2-propanol and 3% butanol to 9a and 
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9b. During this time, alcohol was added to each bottle 3 times per week, 
i.e., every time that a new bottle of fresh food replaced the oldest 
bottle in each serial transfer. Because alcohol evaporates very fast, 
addition of alcohol 3 times per week instead of 2 times per week had the 
advantage of keeping the alcohol concentrations more or less constant in 
each bottle and therefore exposing adult flies and larvae to the same 
alcohol concentration all the time. Also, this time instead of adding .5 
ml alcohol to each bottle every time, .6 ml ethanol was added to each 
bottle of 2a and 2b, .4 ml butanol to 4a and 4b, .3 ml of the specified 
alcohol to each bottle of the remaining 12 cages, and .3 ml water to la 
and lb. Because the results of this new adjustment were satisfactory, the 
new alcohol concentrations were applied for the remaining 54 weeks of the 
experiment. 
Table 38 gives the alcohol concentrations used at the three different 
periods for all cages, but instead of absolute concentrations, volume 
percent alcohol (v/v) added to each specified cage is given in this table. 
As this table shows, the ethanol concentration in the "stress" condition 
cages (2a and 2b) is 12% v/v which is the ethanol concentration of most 
wines. Since wineries are the natural habitats of D. melanogaster, it is 
reasonable to assume that 2a and 2b represent selection under more or less 
"natural alcohol concentration". 
c. Relaxed selection Twenty generations after adding alcohol to 
the cages, 4 new cages were set up with about one hundred flies in each of 
them. Two of the cages were started with flies taken from cage 8a and the 
other 2 cages with flies from cage 8b (these new cages were established 
from the larvae of the cages 8a and 8b so that the population sizes of the 
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Table 38. Description of population cages with concentration (V/V) of 
alcohols added to them during 3 different periods of experiment 
Cage No. Description 
No. of Generation 
27 
Alcohol Concentration (V/V) 
la, lb 2 control populations, 
water added 
2a, 2b 2 ethanol stress populations .24% 7% 12% 
3a, 3b 2 "trace" (amount of) ethanol 
populations 
• 02% .7% 1% 
4a, 4b 2 butanol stress populations 
5a, 5b 2 "trace" butanol populations 
.06% 
. 005% 
1.4% 
14% 
3% 
.25% 
6a, 6b 2 2-propanol stress populations .01% 1.4% 2% 
7a, 7b 2 2-propanol and ethanol 
stress populations 
(.005%,.12%) (.7%,4%) (1%,8%) 
8a, 8b 2 2-propanol and butanol 
stress populations 
(.005%,.03%) (.7%,.7%) (1%,1.5%) 
9a, 9b 2 2-propanol and "trace" (.005%,.002%)(.7%,.07b%) (1%,.12%) 
butanol populations 
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original cages 8a and 8b to remain constant). Instead of alcohol, .3 ml 
water (3 times per week) were added to one of the new cages established 
from 8a, and to the one from 8b. These 2 cages were designated A - 8a and 
A - 8b. The other two new cages were designated B - 8a and B - 8b, and .3 
ml 16% ethanol (low concentration of ethanol) were added to each of them 3 
times per week. These four cages under relaxed selection conditions were 
studied for 17 generations. 
d. Inversion studies Thirty third-instar larvae heterozygous for 
the 2 Adh alleles used in this experiment were taken for inversion analy­
sis. Salivary gland squash preparations were made from these samples, 
using standard techniques and analyzed for the presence of inversions. 
e. Food Flies in all cages were kept on the standard corn meal-
molasses-agar medium during the experiment. Since in January 1982, cages 
were transferred from Iowa to Georgia, the last 3 months of the experiment 
were carried out in Georgia, but with the same kind of food. All cages 
were kept in 25° incubator with constant humidity and temperature at both 
locations. 
f. Electrophoretic assay Horizontal starch gel was carried out 
according to the methods of Ayala et al. (1972), using starch from the 
Sigma Chemical Co. and the discontinuous buffer system of Poulik (1957). 
The staining mixture consisted of 4 ml 2-propanol; 96 ml 55.5 mM Tric-Hcl 
buffer (pH 8.6), 9 mg nitro blue tetrazoliume, 13 mg NAD^, 4 mg phenazine 
methosulfate, 170 mg «-glycerophosphate, and 130 mg ethylene diamine tetra 
acetic acid (EDTA). By this staining mixture, it was possible to read 
both ADH and a-GPDH bands on the same slice of gel and reducing the labor 
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and cost considerably. a-GPDH migrates faster than ADH on starch gels and 
its bands show up well above ADH bands with no possibility of overlap. 
During the 21 months of the experiment, electrophoretic assays were 
conducted 11 times (approximately every 2 months), 2 times before addition 
of alcohol to the cages and 9 times after. Each time when electrophoresis 
was to be carried cut, the adult flies of the "mating bottle" of each cage 
were transferred to a new bottle of fresh food (with no alcohol added), 
designated the "electrophoresis bottle". After 2 days of mating, flies 
were moved back to their own specific cages. Then, each "electrophoresis 
bottle" was kept separately with no addition of alcohol. 5 days after 
flies started to hatch in these bottles, 100 adult flies (50 males and 50 
females) were taken from the "electrophoresis bottle" of each of the 18 
cages, electrophoresed and the gels stained for both ADH and a-GPDH. 
Except for the first time, in whj.ch 50 flies (25 males and 25 females) 
were electrophoresed, 100 flies of each cage were electrophoresed each 
time. Two times, however, 50 adult flies and 50 larvae were assayed 
instead of the usual 100 adult flies. As mentioned before, 5 days after 
flies started to hatch in "electrophoresis bottles", they were taken for 
electrophoretic assays. The reason for waiting 5 days was to avoid any 
bias in the sampling of flies with different Adh and g-Gpdh genotypes. 
This measurement was taken in case different genotypes had differential 
times of development. 
g. Enzyme activity assays and determination of the amount of enzyme 
ADH and a-GPDH activities were measured according to the procedure 
described in the first study (page 107). The amount of ADH protein was 
206 
determined using the immunodiffusion technique as described in the first 
study (page 108). 
3. Results 
a. Changes in the Adh gene frequency at adult stage Changes in 
the Adh gene frequency are given in Table 39 and Figures 17-25. Table 39 
gives the Adh-F frequency in the 18 original cages at each of the 11 
samplings, including the two samplings taken before alcohol was added to 
the cages. Each frequency value in this table is given with its binomial 
standard error. Figures 17-25 show the dynamics of the Adh-F frequency 
changes in the 18 original cages (the 2 replicates of each cage were 
graphed in the same figure). 
Figure 17 shows the changes in the Adh-F frequencies of the 2 repli­
cates of the control populations (la, lb). In these 2 cages, Adh-F 
frequency dropped 22.5 percent on average (comparing the gene frequencies 
before addition of alcohol, i.e., generation 0 and 37 generations after 
alcohol addition). Although the expectation is that in the control 
populations gene frequencies should remain more or less constant, such is 
not the case in most population cage studies. For example, in the 7 
control populations of Van Delden et al. (1978), Adh-F frequency moved 
from an initial .50 to a range between .50 to .70, mostly around mid .60s 
after 19 to 25 generations. The value of mid .60s was very close to the 
equilibrium gene frequency of their original population from which these 
cages were started. The equilibrium Adh-F frequency of the flies of my 
experiment was also in the mid .60s. This value was computed by con­
sidering all the 18 cages (before addition of alcohol to them) as one 
population and calculating its mean Adh-F frequency. The question with 
Table 39: Gene frequencies of Adh-F ± s.e. for 18 population cages with different levels of 
alcohol stress; s.e. = (pq/2N)^ 
Population Cage 
Generation m
la 
lb 
2a 
2b 
3a 
3b 
4a 
4b 
5a 
5b 
6a 
6b 
7a 
7b 
8a 
8b 
9a 
9b 
.59±. 049 .76+. 043 .67±. 047 .60±. 049 .681. 047 .681. 047 .641. 048 .691. 046 . 601. 049 
.69±. 046 .63+. 048 .63+. 048 .6l±. 049 .621. 049 .721. 045 .581. 049 .681. 047 .591. 049 
.62±. 034 .63+. 034 .63±. 034 .65±. 034 .631. 034 .661. 033 .641. 034 .691. 033 .721. 032 
.67±. 033 .64+. 034 .71±. 032 .671. 033 .631. 034 .621. 034 .701. 032 .621. 034 .621. 034 
.69+. 033 .62±. 034 .57±. 035 .671. 033 .651. 034 .611. 034 .621. 034 .711. 032 .691. 033 
.68±. 033 .68+. 033 .61±. 034 .611. 034 .671. 033 .651. 034 .641. 034 .581. 035 .691. 033 
.58±. 035 .72+. 032 .58±. 035 .711. 032 .631. 034 .661. 033 .711. 032 .621. 034 .681. 033 
.69±. 033 .64+. 034 .60±. 035 .631. 034 .651. 034 .661. 033 .791. 029 .621, .034 .601. 035 
.54±. 035 .68+. 033 .56±. 035 .691. 033 .601. 035 .761. 030 .801. 028 .851. 025 .651. 034 
.78±. 029 .62+. 034 .56±. 035 .701. 032 .651. 034 .671. 033 .781. 029 .801, .028 .561. 035 
.54±. 050 .73±. 044 .57±. 050 .751. 043 .601. 049 .811. 039 .851. 036 .861. ,035 .671. 047 
.62±. 049 .65+. 048 .56±. 050 .761. 043 .581. 049 .701. 046 .861. 035 .851. ,036 .691. 046 
.49±. 035 .85+. 025 .57±. 035 .771. 030 .621. 034 .831. 027 .941. 016 .871. ,024 .701. 032 
.6l±. 034 .69±. 033 .53±. 035 .791. 029 .621. 034 .691. 033 .871. 024 .911. ,020 . 661. 033 
.41±. 049 .88±. 032 .451. 050 .841. 037 .531. 050 .801. 040 .981. 014 .921. ,027 .651. 048 
.53±. 050 .86+. 035 .46±. 050 .821. 038 .591. 049 .771. 042 .841. 037 .911. ,029 .591. 049 
.40±. 035 .88+. 023 .52±. 035 .871. 024 .451. 035 .801. 028 .981. 010 .951. ,015 .641. 034 
.44+. 035 .87+. 024 .40±. 035 .831. 027 .601. 035 .761. 030 .831. 027 .931. ,017 .601. 035 
.40+. 035 .89+. 022 .49±. 035 .861. 025 .491. 035 .771. 030 1.001. 000 .971. ,012 .541. 035 
.49±. 035 .92+. 019 .46+. 035 .831. 027 .561. 035 .881. 023 .821. 027 .971. ,012 .761. 030 
.38±. 034 .90±. 021 .48±. 035 .781. 029 .561. 035 .921. 019 1.001. 000 .971. ,012 .671. 033 
.46±. 035 .94+. 016 .46±. 035 .861. 025 .501. 035 .931. 017 .871. 024 .981. ,010 .671. 033 
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respect to my control populations (la and lb) is why haven't they stayed 
at the Adh equilibrium gene frequency and instead decreased their Adh-F 
frequencies? The reason could be the effect of humidity. Cages la and lb 
received water instead of alcohol solution during the experiment, and Van 
Delden et al. (1978) have showed that in their populations kept on high 
humidity, the Adh-F frequency went down from an initial .50 to .30 after 
25 generations in one population, while the other 2 populations stayed 
around .50. 
2a and 2b (12% v/v ethanol) responded to environmental alcohol very 
rapidly. The Adh-F frequency among these 2 cages went up on average 28 
percent during the experiment. But after 37 generations, neither of them 
became fixed for the Adh-F allele and indeed 2a showed little response 
after the 15th generation (Figure 18). The same result was obtained by 
Van Delden et al. (1978). Their 3 populations under 15% ethanol stress 
condition did not become fixed and after 20 generations, their Adh-F 
frequencies were between .80 to .85. In 3a and 3b (low concentration of 
ethanol), the Adh-F frequency dropped on average 14.5 percent (Figure 19). 
There are two likely explanations for this observed decrease. Either it 
was caused by the effect of humidity, or Adh-S homozygote flies had higher 
fitnesses than Adh-F homozygote flies at low ethanol concentrations. 
McDonald et al. (1980) have showed that ADH-S enzyme has lower K , , , 
— — ' alcohol 
values than ADH-F. Anderson et a^. (1981) have also showed that Adh-S 
homozygote flies have higher survivorship than Adh-F homozygote flies on 
low ethanol concentrations. 
In the cages under butanol stress (3% v/v; 4a and 4b), the Adh-F fre­
quency went up on average 16 percent, not a dramatic response. The 2 
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replicates were nearly identical in their responses. 4a reached its 
highest Adh-F frequency by the 28th generation and then suddenly went 
down. 4b also showed little increase in the Adh-F frequency after the 
24th generation (Figure 20). The cages under low concentration of butanol 
(5a and 5b) showed a decrease of 10 percent on average (Figure 21). 
Again, this decrease could be due to: (1) the effect of humidity; (2) 
lower fitnesses of the Adh-S homozygote flies at low butanol concentra­
tion; and/or (3) most likely a random event, specially because 5a after a 
sharp decrease at the 24 to 28th generations showed a sudden increase 
afterward. 
The cages under 2-propanol stress conditions (6a and 6b) showed an 
average increase in the Adh-F frequency of 28 persent. The responses of 
the 2 replicates were, however, different from each other. The Adh-F 
frequency went up constantly for 20 generations in 6a, but stayed more or 
less the same for twenty generations in 6b and increased very rapidly 
afterward (Fig. 22). The results of the cages under a mixture of 2-
propanol and high concentration of another alcohol are rather different. 
One point that should be kept in mind is that the concentrations of 
ethanol and butanol in these cages were not as high as in 2a, 2b or 4a, 
4b. Also, the concentration of 2-propanol in these cages was only half as 
high as in 6a and 6b (see Table 38). 7a and 7b (medium concentration of 
ethanol + 2-propanol) responded very fast to alcohol selection from the 
beginning and the Adh-F frequency went up in these 2 cages 26 percent on 
average. 7a showed the fastest response among all cages and the Adh-F 
allele became fixed by the 33rd generation. 7b, however, took a different 
pathway. It responded very quickly until the 15th generation, but stayed 
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almost the same through the remaining 22 generations (Fig. 23). This type 
of discrepancy between the 2 replicates of the same cage could also be 
seen in the results of Cavener and Clegg (1981). In their study, after 50 
generations, one replicate became fixed for the Adh-F allele, while the 
other one reached a frequency of around .87 (in their study, flies were 
exposed only to ethanol). 
8a and 8b (medium concentration of butanol+2-propanol) were the 2 
replicates with the greatest similarity in the Adh-F frequency at every 
generation that electrophoresis was carried out (Fig. 24). Both responded 
very quickly to alcohol stress from the beginning to the end of the ex­
periment and became almost fixed for the Adh-F allele by the 37th genera­
tion (.97 and .98, respectively). The average increase among the 2 
replicates was 32 percent which is twice as much as the increase in 4a and 
4b (high concentration of butanol only). The higher response to alcohol 
stress observed in the cages under a mixture of 2-propanol and either 
ethanol or butanol could be either because of (1) the effect of 2-propanol 
or (2) the effect of ethanol and butanol at medium concentrations. Since 
the cages with 2-propanol (6a and 6b) also responded very quickly to 
alcohol stress, it might seem reasonable to assume that the former ex­
planation is the correct one. However, the responses of 9a and 9b show 
that this could not be the case. 9a and 9b were under a mixture of 2-
propanol and low concentration of butanol and they were, infact, the two 
cages least responsive to alcohol treatment. During 37 generations, the 
Adh-F frequency showed a lot of changes, especially in 9b; but on average 
no increases were observed in these 2 replicates (Fig. 25). And at 
the end of the experiment, both had an Adh-F frequency similar to that of 
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the original population (i.e., .67). Therefore, most likely the rapid 
alleic responses in 7a, 8a, and 8b were due to the effect of their 
exposure to intermediate alcohol concentration. 
Table 40 and Fig. 26 show the results of the relaxed selection study. 
Figure 26a displays the Adh-F allelic frequency changes of A - 8a and A -
8b as well as 8a and 8b and Fig. 26b displays those of B - 8a and B - 8b 
as well as 8a and 8b again. The relaxed selection study was designed to 
see whether the observed increases in the Adh-F gene frequency were (1) in 
response to alcohol stress or (2) in response to some food ingredients 
and/or some environmental variables. At the 20th generation, when flies 
were taken from 8a and 8b (2-propanol + medium concentration of butanol), 
the Adh-F frequencies in these two replicate cages were .87 and .91, 
respectively. Should alcohol stress be the cause of the observed selec­
tive responses, not only the increase in the Adh-F frequency should stop 
in A - 8a and A - 8b, but also the Adh-F frequency should drop gradually 
to the starting equilibrium gene frequency of the Adh because under 
relaxed selection conditions, the Adh-F genotype would have no advantage 
over the other 2 Adh genotypes. Also, should the low concentration of 
alcohol favor the Adh-S genotype, drop in the Adh-F frequency should be 
more rapid in B - 8a and B - 8b than in A - 8a and A - 8b. 
As Fig. 26a shows, alcohol stress was indeed the cause of the 
original selective responses. The Adh-F frequency dropped in both A - 8a 
and A - 8b during the 17 generations of the relaxed alcohol selection. 
The decrease in the Adh-F frequency was 15.5 percent in each replicate 
cage. At the same time, 8a and 8b showed an average increase of 32 
percent in the Adh-F frequency. This result is consistent with the result 
Table 40. Comparison of gene frequencies of Adh-F and aGPdh-F between population cages under 
alcohol selection (8a, 8b) and relaxed selection (A-8a, A-8b, B-8a, B-8b) 
Gener- Population Caget 
ation 8a A-8a B-8a 8b A-8b B-8b 
20 .875+. 024 .8751. 024 .8751. ,024 .9101. 020 .9101. 020 .9101. ,020 
24 .920±. 027 .8601. 025 .8501. ,025 .9101. ,029 .8451. 025 .7801. 029 
28 .9551. 015 .8301. 027 .8451. ,025 .9351. ,017 .8201. 027 .7501. ,030 
33 .9701. 012 .8301. 027 .8001. 025 .9701. ,012 .7951. ,028 .7301. ,032 
37 .9701. 012 .7201. 032 .8451. 025 .9801. ,010 .7551. ,030 .7501. ,030 
20 .4001. 035 .4001. 035 .4001. 035 .3901. ,034 .3901. ,034 .3901. ,034 
24 .4401. 050 .4351 .035 .4651. 035 .4201. 050 .4901. 035 .5201. 035 
28 .3951. 035 .4601. ,035 .3751. 034 .4751. ,035 .4751. ,035 .4451. ,035 
33 .4251. 035 .4901. 035 .4201. 035 .5051. ,035 .4351. ,035 .4751. ,035 
37 .3801. 034 .4401 .035 .4551, .035 .5101. 035 .4701. 035 .4701. 035 
t 8a, 8b are 2 population cages under butanol stress; A-8a, A-8b are 2 population cages which were 
taken off from butanol stress after generation 20; the same procedure was used for B-8a and B-8b 
except for adding "trace" amount of ethanol to them afterward. 
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of the relaxed selection in Cavener and Clegg study (1981). Figure 26b 
shows the responses of B - 8a and B - 8b. The Adh-F frequency dropped on 
average 10 percent in these 2 replicate cages. B - 8b showed a drastic 
decrease at the beginning of the relaxed selection and stayed more or less 
constant afterward. The decrease in B - 8a, however, was gradual and con­
sistent. The responses of B - 8a and B - 8b, although providing addi­
tional evidence that alcohol stress was responsible for the increase in 
the Adh-F frequency, do not support the hypothesis that the Adh-S homozy­
gote flies have higher fitnesses at lower concentrations of alcohol. 
b. Changes in Of-Gpdh gene frequency at adult stage Figures 17-25 
show the dynamics of Of-Gpdh gene frequency in response to different alco­
hol conditions and Table 4l gives the allelic frequencies and their bi­
nomial standard errors at the 10 sampling times. The data points taken 
before the addition of alcohol as well as the "4th generation" are based on 
sample numbers of between 45 to 100 (more often above 80) flies from each 
replicate cage. Sample numbers were 100 in the other 8 sampling times. 
As Figures 17-25 show, the changes in the Of-Gpdh gene frequency were 
not substantial. Although some changes were noticeable, they were not 
directional as they were in the case of the Adh-F, and most likely 
represent random fluctuations. Also, replicate cage variation is much 
higher for the a-Gpdh gene frequencies than for those of the Adh, again 
suggesting that alcohol selection was not acting strongly at the a-Gpdh 
locus. The average change between the two replicates of each cage (com­
paring the a-Gpdh frequencies before alcohol addition and 37 generations 
after alcohol addition) is in most cases less than 10 percent. In only 4 
of the 22 replicate cages was frequency variation more than 10 percent. 
Table 41 : Gene frequencies of g-Gptlh-F ± s.e. for 18 population cages with different levels of 
alcohol stress; s.e. = (pq/2N)^ 
Population Cage 
Generation 
la 
lb 
2a 
2b 
3a 
3b 
4a 
4b 
5a 
5b 
6a 
6b 
7a 
7b 
8a 
8b 
9a 
9b 
0* .481. 
.361. 
037 
048 
.511. 
.381. 
039 
038 
.401. 
.461. 
038 
038 
.441. 
.541. 
,038 
,036 
.411.038 
.491.038 
.441. 
.491. 
039 
038 
.381. 
.431. 
038 
038 
.471. 
.521. 
045 
053 
.501. 
.481. 
038 
036 
4 
.311. 
.391. 
043 
035 
.581. 
.431. 
041 
042 
.481. 
.461. 
038 
036 
.351. 
.381. 
,037 
034 
.531.036 
.481.037 
.451. 
.431. 
038 
036 
.431. 
.411. 
035 
035 
.391. 
.441. 
037 
037 
.451. 
.381. 
035 
037 
8 .311. 
.501. 
033 
035 
.391. 
.511. 
035 
035 
.391. 
.461. 
034 
035 
.361. 
.431. 
034 
035 
.331.033 
.491.035 
.361. 
.341. 
034 
034 
.331. 
.371. 
034 
034 
.371. 
.471. 
034 
035 
.311. 
.361. 
033 
034 
11 
.311.033 
.451.035 
.471. 
.491. 
035 
035 
.391. 
.431. 
034 
,035 
.441. 
.371. 
,037 
,034 
.391.034 
.421.035 
.351. 
.351. 
034 
034 
.341. 
.351. 
034 
034 
.431. 
.421. 
035 
035 
.391. 
.371. 
034 
034 
15 
.381. 
.481. 
051 
050 
.521. 
.491. 
050 
050 
.501. 
.441. 
051 
,050 
.471. 
.411. 
,050 
,049 
.391.049 
.401.049 
.371. 
.371. 
048 
048 
.411. 
.301. 
049 
046 
.511. 
.471. 
050 
,050 
.341. 
.321. 
047 
047 
20 .371. 
.381. 
034 
034 
.561. 
.551. 
035 
034 
.481. 
.361. 
035 
,034 
.471. 
.461. 
,035 
035 
.331.033 
.381.034 
.351. 
.351. 
034 
,035 
.421. 
.291. 
035 
,032 
.401. 
.391. 
,035 
,034 
.401. 
.381. 
035 
034 
24 .411. 
.431. 
,049 
,050 
.551. 
.521. 
,050 
050 
.561, 
.381. 
,050 
,049 
.591 
.421, 
.051 
.050 
.251.043 
.471.050 
.271. 
.341. 
,044 
,047 
.391. 
.321. 
,049 
047 
.441. 
.421. 
,050 
,050 
.431. 
.391. 
,050 
049 
28 .361. 
.401. 
,034 
,035 
.521. 
.481. 
,035 
,035 
.431. 
.381. 
,035 
,034 
.611. 
.471 
034 
,035 
.321.033 
.411.035 
.401. 
.371. 
,035 
034 
.441. 
.261. 
,035 
031 
.391. 
.471. 
035 
,035 
.461. 
.361. 
,035 
034 
33 .371 
.481. 
,035 
,035 
.491. 
.571. 
035 
035 
.491. 
.321. 
,035 
,033 
.571. 
.501. 
035 
035 
.401.035 
.471.035 
.481. 
.311. 
,037 
033 
.481. 
.351. 
,035 
,034 
.421. 
.501. 
,035 
035 
.341. 
.411. 
034 
035 
37 .391. 
.461, 
,035 
,035 
.481. 
.601. 
035 
,035 
.421. 
.391, 
,035 
,035 
.501. 
.461 
035 
.035 
.361.034 
.471.035 
.481. 
.271. 
035 
032 
.591. 
.411. 
035 
,035 
.381. 
.511. 
,034 
,035 
.351. 
.441. 
034 
,035 
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From the 24th generation until the end of the experiment, the 
g-Gpdh-F frequency increased drastically in 7a. It is interesting to note 
that the Adh-F allele was fixed in the same cage by the 24th generation. 
The same coincidence is noticeable in 8b and 6a but not in 8a and 6b. 
Could it be that selection at the a-Gpdh locus starts only when the Adh-F 
allele becomes fixed in the population? Another trend is also apparent in 
the g-Gpdh-F frequency data. The a-Gpdh-F allelic frequency in all cages 
stayed between .25 and .62. Whenever the a-Gpdh-F frequency fell to a 
level between .25 and .29, it was always increased in the subsequent 
generation, and whenever the frequency became as high as .62, it dropped 
in the subsequent generation. These results suggest that no consistent 
directional selection was operating on the a-Gpdh locus. 
The behavior of the a-Gpdh locus in this experiment is quite dif­
ferent from what Cavener and Clegg (1981) observed. In their study, an 
increase in the a-Gpdh-F frequency was observed up to the 18th generation, 
but afterward a complete reversal occurred in such a way that by the 50th 
generation, a-Gpdh-S was .87 and .57 in the two replicate cages (see page 
32). 
c. Changes in Adh and a-Gpdh gene frequencies at the larval stage of 
development One important question concerning selection at the Adh 
locus is at what life stage do flies respond to alcohol stress? Selection 
can act at pre-zygotic or post-zygotic stages (see page 76). Behavioral 
mechanisms involved at these 2 levels have been studied to some extent, 
but most results conflict with each other (see Section 1.10). The ques­
tion of the magnitude of selective pressure (resulting from alcohol 
stress) on each different behavioral mechanism is beyond the scope of 
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this thesis. My only concern, at this point, is to compare the Adh gene 
frequencies of the larvae (third instar) and adults of the same genera­
tion. Should they have more or less the same values, the conclusion would 
be that at least alcohol selection does not act at third-instar larva or 
pupation or eclosion stages. 
For this purpose, 50 adults and 50 third-instar larvae from each of 
the 18 original cages were electrophoresed in the 15th and 24th genera­
tions. The results are given in Table 42 and show a great amount of 
similarity in the Adh gene frequency between the 2 life stages. In none 
of the 18 cages was any significant difference observed between adults and 
larvae of the same generation. As for the a-Gpdh gene frequency, as Table 
43 shows, in the 15th generation the a-Gpdh-F frequency in larvae was not 
significantly different from adults, although 2/3 of the cages had higher 
values in larvae. In the 24th generation, the difference in a-Gpdh-F 
frequency between adults and larvae in all cages but 3 were non-sig­
nificant (7a, 8b and 9b with higher values in larvae). Again, 2/3 of the 
cages had higher values at larval stage (not necessarily the same cages of 
the 15th generation). In the 15th generation, 5 out of the 18 cages had 
larval a-Gpdh-F frequency of .53 and higher, whereas at adult stage none 
of the cages had a value above .52. Again, in the 24th generation, 7 
cages had the a-Gpdh-F allele in a frequency higher than .52 at larval 
stage, whereas at the same generation only 3 cages had the a-Gpdh-F allele 
in a frequency higher than .52 at adult stage. These results are con­
sistent with the earlier observation of this experiment, i.e., the 
a-Gpdh-F frequency was kept at a range between .25 and .62 by an unknown 
form of balancing selection. 
Table 42. Adh-F frequency of larvae from 18 population cages at 2 different generations 
Population Cage 
Gener- la 2a 3a 4a 5a 6a 7a 8a 9a 
ation lb 2b 3b 4b 5b 6b 7b 8b 9b 
15 
24 
.500±.050 .7901.040 .5501.050 .8201.038 .7101.045 .7201.045 .9101.029 .7501.043 .6101.049 
.6601.048 .6601.048 .4601.050 .7501.043 .5601.050 .7301.044 .8601.035 .8201.038 .7901.040 
.4401.049 .8751.034 .5501.050 .8401.037 .5701.050 .8701.035 .9601.020 .9301.025 .5901.049 
.5101.050 .8501.036 .4101.049 .8101.039 .5601.050 .8001.040 .8701.035 .9201.027 .5801.049 
Table 43. a-Gpdh-F frequency of larvae from 18 population cages at 2 different generations 
Population Cage 
Gener- la 2a 3a 4a 5a 6a 7a 8a 9a 
ation lb 2b 3b 4b 5b 6b 7b 8b 9b 
.3101.047 .5601.050 .5701.051 .6001.051 .4101.049 .4101.049 .4601.050 .4101.049 .4301.049 
15 
.5301.050 .6101.051 .4201.049 .3301.047 .4451.050 .3701.048 .4001.049 .4701.050 .3401.047 
.4501.050 .4901.050 .5401.050 .6301.051 .3001.046 .4001.049 .5901.051 .5301.050 .3601.047 
24 
.4801.050 .5401.050 .4401.050 .4001.049 .4401.050 .3801.049 .2601.043 .6501.052 ,6101.051 
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The different behavior of the a-Gpdh gene in 2b, 6b, 7a and 9a (at 
adult stage) compared with the other population cages, the generally higher 
values of the a-Gpdh gene frequency in larvae, and the discrepancy 
between the results of this experiment with those of Cavener and Clegg 
(1981; with respect to a-Gpdh behavior), could be a consequence of the 
differential association of the Adh and Cf-Gpdh loci (both on chromosome 
II) in the different cages and experiments. Cavener and Clegg (1978) 
reported a lack of gametic linkage disequilibrium between these 2 loci. 
But that conclusion was made by using the data from the first 12 genera­
tions of their experiment and not the entire period of the study. 
d. Zygotic distributions of different Adh and a-Gpdh genotypes 
Tables 44-54 give the zygotic distributions of different Adh geno­
types. Each table gives the observed and expected genotypic frequencies 
of the 18 original cages for one of the 11 sampling times. Also, each 
table includes the results of analysis of goodness of fit to the 
Hardy-Weinberg (H-W) expectations. Figures 27-35 present the observed 
Adh genotypic frequencies through 37 generations of the experiment. Each 
figure represents a different cage and its replicate. Out of 198 cases 
(No. of cages (18) x No. of sampling times (11)), 30 showed significant 
deviation from H-W expectations. 9a and 9b were the only 2 replicate 
cages which did not show any deviation at any time. These two cages (as 
discussed before) were the same cages with no adaptive response to alcohol 
treatment. Nevertheless, there does not seem to be a direct general 
correlation between deviation from H-W zygotic distributions and the level 
of response to alcohol stress. For example, 7a, 8a and 8b showed the most 
rapid responses to selection but did not show any deviation from H-W 
229 
expectations after alcohol was introduced to the cages. Figures 27-35 
clearly show that the selective pressure acting in the control cages and 
the cages under low concentrations of alcohols (la, lb, 3a, 3b, 5a, 5b, 9a, 
9b) was different from the one acting in the cages under medium and high 
concentrations of alcohols (2a, 2b, 4a, 4b, 6a, 6b, 7a, 7b, 8a, and 8b). 
Tables 55-64 give observed and expected zygotic distributions and 
values of different a-Gpdh genotypes. Out of 180 cases (18 cages x 10 
samplings), 17, i.e., 9% showed deviation from H-W zygotic distributions, 
whereas in the case of the Adh gene 15% of cases showed significant 
deviation. It may imply again that alcohol stress acts more strongly at 
the Adh locus than at the Of-Gpdh locus. Also, the zygotic frequencies of 
a-Gpdh did not differ between different selective regimes (low, medium, 
and high alcohol concentrations). In only 3 cases out of 17, did the 
deviation occur simultaneously in both the Adh and a-Gpdh zygotic distri­
butions. Thus, it seems that there was no significant correlation between 
the genotypic frequencies at these 2 loci, as it was the case for their 
gene frequencies. 
e. Estimates of fitness Estimates of fitnesses of the three Adh 
genotypes in each of the 22 cages were obtained by the maximum likelihood 
estimation of selective values method of Dumouchel and Anderson (1968), 
and are presented in Table 65. Since measuring selection by this method 
is mathematically complex, the computer program of Dr. Anderson was used 
to calculate these estimates of adaptive values. As Table 65 shows, these 
estimates are either very close to each other or usually their standard 
errors are so great that the differences between genotypes (with respect 
to fitness) become statistically insignificant. On the other hand, in the 
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Table 44. Adh-F gene frequencies (p ) and observed and expected Adb zygotic distributions of 18 
population cages 4 generations before addition of alcohol. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­ Adh Genotype Popu­ Adh Genotypi e 
lation 
cage 
FF FS SS 
F 
P 
lation FF 
cage 
FS SS 
F 
P X^ 
observed la 15 29 6 .59 1.973 lb 24 21 5 .69 .017 
expected 17.40 24.19 8.40 23.80 21.39 4. 80 
observed 2a 30 16 4 .76 .835 2b 18 27 5 . 63 1.250 
expected 28.88 18.24 2.88 19.84 23.31 6. 84 
observed 3a 21 25 4 .67 .851 3b 18 27 5 .63 1.250 
expected 22.44 22.11 5.44 19.84 23.31 6. 84 
observed 4a 14 34 4 .60 7.056* 4b 14 33 3 . 61 7.488* 
expected 18.00 24.00 8.00 18.60 23.79 7 .60 
observed 5a 24 20 6 .68 .326 5b 19 24 7 .62 .018 
expected 23.12 21.76 5.12 19.22 23.56 7 .22 
observed 6a 21 26 3 .68 1.898 6b 24 24 2 .72 1.813 
expected 23.12 21.76 5.12 25.92 20.16 3 .92 
observed 7a 13 28 9 .54 .809 7b 13 32 5 .58 4.918* 
expected 14.58 24.84 10.58 16.82 24.36 8. 82 
observed 8a 24 21 5 .69 .027 8b 18 32 0 .68 11.072* 
expected 23.80 21.39 4.80 23.12 21.76 5. 12 
observed 9a 17 26 7 .60 .348 9 b 21 24 5 .66 .241 
expected 18.00 24.00 8.00 21.78 22 44 5 .78 
"Significant deviation from llardy-Weinberg expecialions. 
p 
Table 45. Adh-F gene frequencies (p ) and observed and expected Adh zygotic distributions of 18 
population cages at generation 0 in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­ Adh Genotype Popu­ Adh Genotyp le 
lation FF FS SS p 0 lation FF FS SS p 0 
cage P X cage P X 
observed la 32 60 8 .62 7.472" lb 38 58 4 .67 9.711* 
expected 38.44 47.12 14.44 44.89 44.22 10.89 
observed 2a 40 47 13 .635 .020 2b 39 51 10 .645 1.289 
expected 40.32 46.36 13.32 41.6 45.80 12.60 
observed 3a 39 48 13 .63 .088 3b 48 46 6 .71 1.370 
expected 39.69 46.62 13.69 50.41 41.18 8.41 
observed 4a 57 37 6 .755 .000 4 b 43 49 8 .675 1.348 
expected 57.00 37.00 6.00 45.56 43.88 10.56 
observed 5a 30 66 4 .63 17.281* 5b 35 56 9 .63 4.048* 
expected 39.69 46.62 13.69 39.69 46.62 13.69 
observed 6a 43 47 10 .665 .301 6b 33 58 9 .62 4.891* 
expected 44.22 44.56 11.22 38.44 47.12 14.44 
observed 7a 37 55 8 . 645 4.036"- 7 b 46 48 6 .70 2.041 
expected 41.60 45.80 12.60 49.00 42.00 9.00 
observed 8a 43 52 5 .69 4.644* 8b 36 53 11 .625 1.708 
expected 47.61 42.78 9.61 39.06 46.87 14.06 
observed 9a 52 40 8 .72 .006 9 b 45 50 5 .70 3.629 
expected 51.84 40.32 7.84 49.00 42.00 9.00 
"Significant deviation from llardy-Weiaberg expecliil ions. 
Table 46. Adh-F gene frequencies (p ) and observed and expected Adh zygotic distributions of 18 
population cages at 4th generation in alcoliol environment. X values measure the 
deviation from Hardy-Weinberg expectations 
Popu­ Adh Genotype Popu­ Adh Genotype 
lation 
cage 
FF FS SS 
F 
P 
lation FF 
cage 
FS SS 
observed la 43 52 5 .69 4. 644" lb 44 48 8 .68 1.060 
expected 47.61 42.78 9.61 46.24 43.52 10.24 
observed 2a 32 57 9 .62 5. 262" 2b 44 48 8 .68 1.060 
expected 37.67 46.18 14.15 46.24 43.52 10.24 
observed 3a 29 55 15 .57 1. 773 3b 38 46 16 .61 .110 
expected 32.17 48.53 18.31 37.21 47.58 15.21 
observed 4a 38 55 5 .67 7. 059" 4b 36 51 13 .615 .592 
expected 43.99 43.33 10.78 37.82 47.36 14.82 
observed 5a 39 46 11 .65 232 5b 49 37 14 .675 2.451 
expected 40.56 43.68 11.76 45.56 43.87 10.56 
observed 6a 35 49 14 .61 235 6b 37 56 7 .65 5.229" 
expected 36.47 46.63 14 91 42.20 45.60 12.20 
observed 7a 35 55 10 .625 3. 004 7b 43 41 16 .635 1.337 
expected 39.06 46.87 14.06 40.32 46.36 13.32 
observed 8a 48 46 6 .71 I. 370 8b 33 50 17 .58 .069 
expected 50.41 41.18 8.41 33.64 48.72 17.64 
observed 9a 47 44 9 .69 082 9b 40 48 12 .64 .174 
expected 47.61 • 42.78 9.61 40.96 46.08 12.96 
"Significant deviation from Hardy-Weinberg expectations. 
Table 47. Adh-F gene frequencies (p ) and observed and expected Adb zygotic distributions of 18 
population cages at 8th generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­ Adh Genotype Popu­ Adh Genotyp le 
lation FF FS SS 
F ..2 
lation FF FS SS 
F v2 
cage P X cage P X 
observed la 34 49 17 .585 .008 lb 47 45 8 .695 .365 
expected 34.22 48.56 17.22 48.30 42.40 9.30 
observed 2a 53 39 8 .725 .049 2b 39 51 10 .645 1.290 
expected 52.56 39.88 7.56 41.60 45.80 12.60 
observed 3a 31 54 15 .58 1 .174 3b 34 53 13 .605 1.208 
expected 33.64 48.72 17.64 36.60 47.80 15.60 
observed 4a 49 45 6 .715 1 .082 4b 39 49 12 .635 .324 
expected 51.12 40.76 8.12 40.32 46.36 13.32 
observed 5a 38 51 11 .635 1 .001 5b 38 54 8 .65 3.411 
expected 40.32 46.36 13.32 42.20 45.60 12.20 
observed 6a 40 53 7 .665 3 .589 6b 40 52 8 .66 2.521 
expected 44.22 44.56 11.22 43.56 44.88 11.56 
observed 7a 49 44 7 .71 .468 7 b 60 38 2 .79 2.110 
expected 50.41 41.18 8.41 62.41 33.18 4.41 
observed 8a 37 51 12 .625 .775 8b 37 51 12 .625 .775 
expected 39.06 46.87 14.06 39.06 46.87 14.06 
observed 9a 46 45 9 .685 . 181 9 b 33 53 14 .595 .992 
expected 46.92 43.16 9.92 35.40 48.20 16.40 
Table 48. Adh-F gene frequencies (p ) and observed and expected Adh zygotic distributions of 18 
population cages at lltli generation in alcohol environment. X values measure the 
deviation from Hardy-Weinberg expectations 
Popu­ Adh Genotypi e Popu­ Adh Genotyp le 
lation FF FS SS 
F ..2 
lation FF FS SS 
F v2 cage P X cage P X 
observed la 29 51 20 .545 .080 lb 59 38 3 .78 1.151 
expected 29.70 49.60 20.70 60.84 34.32 4.84 
observed 2a 43 50 7 .68 2. 217 2a 42 41 17 .625 1.571 
expected 46.24 43.52 10.24 39.06 46.87 14.06 
observed 3a 29 55 16 .565 1 .412 3b 24 64 12 .56 8.922* 
expected 31.92 49.16 18.92 31.36 49.28 19.36 
observed 4a 44 51 5 .695 4. .115" 4b 48 44 8 .70 .226 
expected 48.30 42.40 9.30 49.00 42.00 9.00 
observed 5a 30 60 11 .595 5 .432"- 5b 39 53 8 .655 3.018 
expected 35.76 48.68 16.57 42.90 45.19 11.90 
observed 6a 55 43 2 .765 3. 835* 6b 45 45 10 .675 . 066 
expected 58.52 35.96 5.52 45.56 43.87 10.56 
observed 7a 64 32 4 .80 0. 000 7b 61 35 4 .785 .125 
expected 64.00 32.00 4.00 61.62 33.75 4.62 
observed 8a 69 29 1 .855 2. 492 8b 64 33 3 .805 .255 
expected 73.10 22.80 2.10 64.80 31.39 3.80 
observed 9a 38 54 8 .65 3 .490 9 b 33 47 20 .565 .194 
expected 42.25 45.50 12.25 31.92 49.15 18.92 
"Significant deviation from Hardy-Weinberg expecLaLiuns. 
Table 49. Adh-F gene frequencies (p ) and observed and expected Adh zygotic distributions of 18 
population cages at 15th generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­
lation 
cage 
Adh Genotype 
F 
P 
Popu­
lation 
cage 
Adh Genotype 
F 
P 
X2  
FF FS SS 1 FF FS SS 
observed la 12 30 8 .54 2.138 lb 19 24 7 .62 .018 
expected 14.58 24.84 10.58 19.22 23.56 7.22 
observed 2a 26 21 3 .73 . 312  2b 20 25 5 .65 .487 
expected 26.64 19.71 3.64 21.12 22.75 6.12 
observed 3a 14 29 7 .57 1.675 3b 16 24 10 .56 .035 
expected 16.24 24.51 9.24 15.68 24.64 9.68 
observed 4a 25 25 0 .75 5.469" 4b 30 16 4 .76 .754 
expected 28.12 18.75 3.12 28.88 18.24 2.88 
observed 5a 17 26 7 .60 .348 5b 15 28 7 .58 1.117 
expected 18.00 24.00 8.00 16.82 24.36 8.82 
observed 6a 32 17 1 .81 .544 6b 25 20 5 .70 .828 
expected 32.80 15.39 1.80 24.50 21.00 4.50 
observed 7a 36 13 1 .85 .029 7b 38 10 2 .86 1.373 
expected 36.12 12.75 1.12 36.98 12.04 .98 
observed 8a 36 14 0 .86 1 .326 8b 35 15 0 .85 1.552 
expected 36.98 12.04 .98 36.12 12.75 1.12 
observed 9a 21 25 4 .67 .851 9b 23 23  4 .69 .281 
expected 22.44 22 .  n  5.44 23.80 21  .39 4.80 
"Significant deviation from llardy-Weiiiherg expeclalions. 
Table 50. Adh-F gene frequencies (p ) and observed and expected Adii zygotic distributions of 18 
population cages at 20th generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­ Ad h Genotype Popu­ Adh Genotyp e 
lation 
cage 
FF FS SS lation FF 
cage 
FS SS 
X2 
observed la 25 49 26 .495 .040 lb 33 57 10 .615 4.374" 
expected 24.50 50.00 25.50 37.82 47.36 14.82 
observed 2a 73 24 3 .85 .346 2b 43 53 4 .695 5.728* 
expected 72.25 25.50 2.25 48.30 42.40 9.30 
observed 3a 31 52 17 .57 .375 3b 26 54 20 .53 .705 
expected 32.50 49.00 18.50 28.09 49.82 22.09 
observed 4a 60 35 5 .775 .000 4b 61 36 3 .79 .723 
expected 60.06 34.88 5.06 62.41. 33.18 4.41 
observed 5a 37 50 13 .62 .353 5b 41 42 17 .62 1.180 
expected 38.44 47.12 14.44 38.44 47.12 14.44 
observed 6a 72 22 6 .83 4 .827" 6b 47 45 8 .695 .376 
expected 68.89 28.20 2.89 48.30 42.40 9.30 
observed 7a 89 11 0 .945 .336 7b 74 26 0 .87 2.250 
expected 89.30 10.40 .30 75.70 22.60 1.70 
observed 8a 75 25 0 .875 2 .038 8b 82 18 0 .91 .964 
expected 75.56 21.88 1 .56 82.80 16.40 .80 
observed 9a 51 39 10 .705 .390 9b 46 41 13 .665 .638 
expected 49.70 41 .60 8.70 44.22 44.56 11.22 
•"Significant deviation from llardy-Weinberg expeclaLions. 
Table 51. Adii-F gene frequencies (|i ) and observed and expected Adh zygotic disiributions of 18 
populalion cages at 24lli generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­
lation 
cage 
Adii Genotype 
F 
P 
Popu­
lation 
cage 
Adh Genotype 
F 
P 
*2 FF FS SS FF FS SS 
observed la 6 29 15 .41 1 .969 lb 13 27 10 .53 .320 
expected 8.40 24.20 17.40 14.00 25.00 11.00 
observed 2a 38 12 0 .88 .898 2b 39 8 3 .86 5.330"-
expected 38.70 10.60 .70 37.00 12.00 1.00 
observed 3a 9 27 14 .45 .395 3b 7 32 11 .46 4.10 
expected 10.10 24.80 15.10 10.60 24.80 14.60 
observed 4a 34 16 0 .84 1.852 4b 36 10 4 .82 5.330* 
expected 35.30 13.40 1.30 33.60 14.70 1.60 
observed 5a 13 27 10 .53 .322 5b 18 23 9 .59 .310 
expected 14.00 25.00 11.00 17.40 24.20 8.40 
observed 6a 32 16 2 .80 .000 6b 32 13 5 .77 3.700 
expected 32.00 16.00 2.00 29.60 17.71 2.60 
observed 7 a 48 2 0 .98 .000 7b 35 14 1 CO
 
.110 
expected 48.02 1.96 .020 35,30 13.40 1.30 
observed 8a 42 8 0 .92 .351 8b 41 9 0 .91 .482 
expected 42.30 7.40 .30 41.40 8.20 .40 
observed 9a 19 27 4 .65 1 . 706 9b 20 19 II .59 2.311 
expected 21.10 22.80 6.10 17.40 24.20 8.40 
"Significant deviaLion from llardy-Weiidierg expectations. 
p 
Table 52. Adh-F geiie frequencies (p ) and observed and expected Adh zygotic distributions of 18 
population cages at 28th generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­ Adh Genotype Popu­ Adh Genotyp e 
lation 
cage 
FF FS SS F 
P 
lation FF 
cage 
FS SS 
X? 
observed la 20 41 39 .405 2.230 lb 16 57 27 44.5 2.370 
expected 16.40 48.20 35.40 19.80 49.40 30.80 
observed 2a 78 20 2 .88 .330 2b 76 23 1 87.5 .296 
expected 7.74 21.10 1.40 76.60 21.80 1.60 
observed 3a 26 53 21 .525 .412 3b 15 51 34 40.5 .340 
expected 27.60 49.80 22.60 16.40 48.20 35.40 
observed 4a 76 22 2 .87 .070 4 b 68 31 1 83.5 1.530 
expected 75.70 22.60 1.70 69.70 27.60 2.70 
observed 5a 25 41 34 .455 1.683 5b 34 52 14 60 .690 
expected 20.70 49.60 29.70 35.00 48.00 16.00 
observed 6a 66 29 5 .805 .584 6b 58 37 5 76.5 .082 
expected 64.80 31.40 3.80 58.50 36.00 5.50 
observed 7a 96 4 0 .98 .000 7b 69 28 3 83 .005 
expected 96.04 3.92 .04 68.90 28.20 2.90 
observed 8a 91 9 0 .955 .000 8b 87 13 0 93.5 .116 
expected 91.20 8.60 .20 87.40 12.20 .40 
observed 9a 35 50 14 .60 .298 9b 37 54 9 64 3.010 
expected 35.60 48.00 15.80 41.00 46.00 13.00 
p 
Table 53. Adh-F gene frequencies (p ) and observed and expected Adb zygotic distributions of 18 
population cages at 33th generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­ Adh Genotyp e Popu­ Adh Genotype 
lation FF FS SS F v2 
lation FF FS SS 
F v2 
cage • P X cage P . X 
observed la 15 50 35 .40 .173 lb 19 60 21 .49 4.024* 
expected 16.00 48.00 36.00 24.01 49.98 26.01 
observed 2a 77 22 0 .89 1.571 2b 85 13 1 .925 .601 
expected 79.21 19.58 1.21 84.70 13.74 .56 
observed 3a 24 50 26 .49 .000 3b 22 49 29 .465 .023 
expected 24.01 49.98 26.01 21.62 49.75 28.62 
observed 4a 73 26 1 .86 .635 4b 67 33 0 .835 3.900 
expected 73.96 24.08 1.96 69.72 27.56 2.72 
observed 5a 19 60 21 .49 4.024" 5b 32 48 19 .565 .018 
expected 24.01 49.98 26.01 31.60 48.67 18.74 
observed 6a 60 34 6 .77 . 161 6b 77 22 1 .88 .173 
expected 59.29 35.42 5.29 77.44 21.12 1.44 
observed 7a 100 0 0 1.00 .000 7b 70 24 6 .82 3.168 
expected 100.00 .00 .00 67.24 29.52 3.24 
observed fia 94 6 0 .97 .006 8b 94 6 0 .97 .006 
expected 94.09 5.82 .09 94.09 5.82 .09 
observed 9a 29 51 20 .545 .080 9b 57 38 5 .76 .173 
expected 29.70 49.60 20.70 57.76 36.48 5.76 
"Significant deviation from Hardy-Wei iiherg exiieclal ions. 
Table 54. Adb-F gene frequencies (p ) and observed and expected Adh zygotic distributions of 18 
population cages at 37th generation in alcohol environment. X values measure the 
deviation from iiardy-Weinberg expectations 
Popu­ Adh Genotypi e Popu­ Adh Genotype 
lation FF FS SS 
F 
lation FF FS SS 
F v2 cage P X cage P X 
observed la 14 48 38 .38 .034 lb 18 56 26 .46 1.618 
expected 14.44 47.12 38.44 21.16 49.68 29.16 
observed 2a 80 20 0 .90 1.234 2b 88 12 0 .94 .407 
expected 81.00 18.00 1.00 88.36 11.28 .36 
observed 3a 25 47 28 .485 .351 3b 25 43 32 .465 1.845 
expected 23.52 49.96 26.52 21.62 49.76 28.62 
observed 4a 62 33 5 .785 .050 4b 73 26 1 .86 .635 
expected 61.62 33.76 4.62 73.96 24.08 1.96 
observed 5a 31 50 19 .56 .021 5b 24 53 23 .505 .360 
expected 31.36 49.28 19.36 25.50 49.50 24.50 
observed 6a 86 12 2 .92 3.415 6b 89 9 2 .935 6.794* 
expected 84.64 14.72 .64 87.42 12.16 .42 
observed 7a 100 0 0 1.00 .000 7b 75 24 1 
00 
.372 
expected 100.00 .00 .00 75.69 22.62 1.69 
observed 8a 93 6 0 .97 .100 8b 96 4 0 .98 .042 
expected 93.15 5.76 .09 96.04 3.92 .04 
observed 9a 43 48 9 .67 .731 9 b 47 41 13 .67 .724 
expected 44.89 44.22 10.89 45.34 44.66 11.00 
"Significant deviation from llardy-Weinberg expecL.iL ions. 
Table 55. a-Gpdh-F gene frequencies (p ) and observed and expected a-Gpdh zygotic distributions of 
18 population cages at generation 0 in alcohol environment. X values measure the 
deviation from Hardy-Weiiiberg expectations 
Popu­ a-•Gpdh Genotype Popu­ a--Gpdh Genotype 
lation 
cage 
FF FS SS lation FF 
cage 
FS SS 
*2 
observed la 18 53 22 .48 1, .865 lb 5 27 19 .36 .653 
expected 21.43 46.43 25.15 6.61 25.49 20.89 
observed 2a 15 55 14 .51 8 .072"- 2b 9 44 28 .38 1 .830 
expected 21.85 41.98 20.17 11.70 38.17 31.14 
observed 3a 15 38 32 .40 400 3b 18 45 25 .46 .075 
expected 13.60 40.80 30.60 18.62 43.72 25.66 
observed 4a 14 49 24 .44 1. 750 4a 26 49 19 .54 4 .570* 
expected 16.84 42.87 27.28 19.89 46.70 27.41 
observed 5a 17 37 32 .41 1 .099 5b 18 59 20 .49 5 .089* 
expected 14.46 41.61 29.94 22.09 45.98 23.93 
observed 6a 14 43 24 .44 .495 6b 15 53 17 .49 5 .220* 
expected 15.68 39.92 25.40 20.41 42.48 22.11 
observed 7a 9 45 28 .38 2 .121 7b 12 48 23 .43 2 .628* 
expected 11.84 38.64 31 .52 15.35 40.69 26.97 
observed 8a 14 30 17 .475 .012 8 b 7 33 5 .52 9 .923* 
expected 13.76 30.42 16.81 12.17 22.46 10.37 
observed 9a 23 39 23 .50 .576 9 b 21 48 25 .48 .052 
expected 21.25 42.50 21.25 21 66 46.92 25.42 
"Significant deviation from llardy-Weinberg expeclat ioits. 
Table 56. g-GPDll-F gene frequencies (p ) and observed and expected a-GpdIi gygolic distributions of 
18 population cages at 4tb generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­ a--Gpdh Genotyi >e Popu­ 01-•Gpdh Genotype 
lation 
cage 
FF FS SS 
x2 
lation 
cage 
FF FS SS 
observed la 7 23 29 .31 2 .690 lb 16 42 37 .39 .470 
expected 4.71 20.96 23.33 14.45 45.20 35.35 
observed 2a 28 28 16 .58 2. 876 2b 10 39 20 .43 1 .651 
expected 24.22 35.08 12.70 12.76 33.82 22.42 
observed 3a 22 40 25 .48 556 3b 23 44 30 .46 .764 
expected 20.04 43.43 23.52 20.53 48.19 28.29 
observed 4a 8 41 32 .35 .981 4b 13 50 37 .38 .374 
expected 9.92 36.86 34.22 14.44 47.12 38.44 
observed 5a 28 43 23 .53 .652 5b 25 35 29 .48 3 .993" 
expected 26.40 46.83 20.76 20.51 44.43 24.07 
observed 6a 21 37 29 .45 1 .776 6a 20 41 33 .43 1 .153 
expected 17.62 43.07 26.32 17.38 46.08 30.54 
observed 7a 19 48 33 .43 .042 7b 20 43 37 .415 1 .312 
expected 18.49 49.00 32.49 17.22 48.56 34.22 
observed 8a 14 41 34 .39 .080 8b 19 41 29 .44 .411 
expected 13.54 42.35 33.12 17.23 43.86 27.91 
observed 9a 17 56 27 .45 1 .725 9b 12 40 32 .38 .008 
expected 20.25 49.50 30.25 12.13 39.58 32.29 
" Significant deviation from llardy-Weinberg expeclalions. 
Table 57. a-GPDH-F gene frequencies (p ) and observed and expected g-Gpdh ^ygotic distributions of 
18 population cages at 8th generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­
lation 
cage 
Cf-•Gpdh Genotype Popu­
lation 
cage 
a-GpdIi Genotype 
X2 
FF FS SS FF FS SS 
observed la 6 50 44 .31 2.931 lb 22 56 22 .50 2. 849 
expected 9.61 42.78 47.61 25.00 50.00 25.00 
observed 2a 17 45 38 .395 .344 2b 25 52 23 .51 .163 
expected 15.60 47.80 36.60 26.01 49.98 24.01 
observed 3a 16 46 38 .39 .110 3b 25 42 33 .46 2, .390 
expected 15.21 47.58 37.21 21.16 49.68 29.16 
observed 4a 14 45 41 .365 .086 4b 21 44 35 .43 1. 049 
expected 13.32 46.36 40.32 18.49 49.02 32.49 
observed 5a 13 40 47 .33 .911 5b 22 55 23 .495 1 .000 
expected 10.89 44.22 44.89 24.50 50.00 25.50 
observed 6a 12 48 40 .36 .174 6b 14 38 46 .34 1 .699 
expected 12.96 46.08 40.96 11.33 43.98 42.69 
observed 7a 12 41 43 .335 .220 7 b 8 59 33 .375 6 .891" 
expected 10.77 42.77 42.45 14.06 46.88 39.06 
observed 8a 11 52 37 .37 1.332 8b 18 59 23 .475 3 .343 
expected 13.69 46.62 39.69 22.56 49.88 27.56 
observed 9a 8 46 46 .31 . 566 9 b 12 48 40 .36 .174 
expected 9.61 42.78 47.61 12.96 46.08 40.96 
" Significant deviation from llardy-Weinberg expectations. 
Table 58. a-GPI)H-F gene frequencies (p ) and observed and expected a-Cpd^ zygotic distributions of 18 
population cages at 11th generation in alcohol environment. X values measure the 
deviation from Hardy-Weinberg expectations 
Popu­
lation 
cage 
a--Gpdh Genotype Popu­
lation 
cage 
CU­•Gpdh Genotype 
FF FS SS FF FS SS 
observed la 9 45 46 .315 .181 lb 19 53 28 .455 .460 
expected 9.92 43.16 46.92 20.70 49.60 29.70 
observed 2a 25 44 31 .47 1.364 2b 21 56 23 .49 1 .450 
expected 22.09 49.82 28.09 24.01 49.98 26.01 
observed 3a 15 47 37 .39 .001 3b 19 49 32 .435 .001 
expected 15.06 47.10 36.84 18.92 49.16 31.92 
observed 4a 16 47 27 .44 .327 4b 11 53 36 .375 1 .705 
expected 17.42 44.35 28.22 14.06 46.88 39.06 
observed 5a 14 50 36 .39 .258 5 b 21 43 36 .425 1 .447 
expected 15.21 47.58 37.21 18.06 48.88 33.06 
observed 6a 8 54 38 .35 3.490 6b 10 51 39 .355 1 .290 
expected 12.25 45.50 42.25 12.60 45.80 41.60 
observed 7a 14 40 46 .34 1.183 7b 17 37 46 .355 3 .692 
expected 11.46 44.88 43.56 12.60 45.80 41.60 
observed 8a 20 46 34 .43 .348 8b 15 54 31 .42 1 174 
expected 18.49 49.02 32.49 17.64 48.72 33.64 
observed 9a 14 50 36 .39 .258 9b 18 39 43 .375 2 .908 
expected 15.21 47.58 37.21 14.06 46.88 39.06 
Table 59. tn-GPDH-F gene frequencies (p ) and observed and expected a-Gpdti zygotic distributions of 18 
population cages at 15th generation in a]cohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­
lation 
cage 
a-•Gpdh Genotype 
F 
P 
Popu­
lation 
cage 
a-•Gpdh Genotyp le 
F 
P 
FF FS SS FF FS SS 
observed la 5 24 16 .38 .814 lb 10 28 12 .48 .742 
expected 6.50 21.20 17.30 11.52 24.96 13.52 
observed 2a 11 30 9 .52 2.039 2b 11 27 12 .49 .320 
expected 13.52 24.96 11.52 12.00 25.00 13.00 
observed 3a 12 24 12 .50 .000 3b 8 28 14 .44 .930 
expected 12.00 24.00 12.00 9.68 24.64 15.68 
observed 4a 11 23 15 .47 .196 4b 6 29 15 .41 1.973 
expected 10.82 24.41 13.76 8.40 24.19 17.40 
observed 5a 7 25 18 .39 .116 5b 3 34 13 .40 8.681* 
expected 7.60 23.80 18.60 8.00 24.00 18.00 
observed 6a 3 31 16 .37 5.428" 6b 5 27 18 .37 1.247 
expected 6.84 23.32 19.84 6.84 23.32 19.84 
observed 7a 9 23 18 .41 .123 7b 4 22 24 .30 .120 
expected 8.40 24.19 17.40 4.50 21 .00 24.50 
observed 8a 12 27 11 .51 .320 8b 12 23 15 .47 .295 
expected 13.00 25.00 12.00 11 .04 24.91 14.04 
observed 9a 3 28 19 .34 3.070 9 b 5 22 23 .32 .006 
expected 5.78 22.44 21.78 5.12 21 .76 23.12 
Significant deviation from llardy-Weinberg expectations. 
Table 60. a-GPDH-F gene frequencies (^) ) and observed and expected a-Gpd|j zygotic distributions of 18 
population cages at 20th generation in alcohol environment. X values measure the 
deviation from Hardy-Weinberg expectations 
Popu­
lation 
cage 
a--Gpdh Genotype 
X2 
Popu­
lation 
cage 
a- Gpdh Genotype 
F 
P 
FF FS SS FF FS SS 
observed la 9 55 35 .37 3.693 lb 17 43 40 .385 .848 
expected 13.55 46.15 39.29 14.82 47.36 37.82 
observed 2a 33 46 21 .56 .443 2b 28 52 19 .55 . 366 
exptected 31.36 49.28 19.36 29.95 49.00 20.05 
observed 3a 23 50 27 .48 .000 3b 10 53 37 .365 2 .052 
expected 23.04 49.92 27.04 13.32 46.36 40.32 
observed 4a 22 50 28 .47 .001 4 b 25 43 32 .465 1 .845 
expected 22.09 49.82 28.09 21 62 49.76 28.62 
observed 5a 11 44 45 .33 .073 5b 15 47 38 .385 .005 
expected 10.89 44.22 44.89 14.82 47.36 37.82 
observed 6a 12 47 41 .355 .063 6b 14 38 41 .35 1 .113 
expected 12.60 45.80 41.60 11.39 42.32 39.29 
observed 7a 18 48 34 .42 .022 7 b 8 42 50 .29 .039 
expected 17.64 48.72 33.64 8.41 41 . 18 50.41 
observed 8a 16 48 36 .40 .000 8b 12 54 34 .39 1 .820 
expected 16.00 48.00 36.00 15.21 47.58 37.21 
observed 9a 15 51 34 .405 . 339 9 b 14 49 37 .385 .120 
expected 16.40 48.20 35.40 14.82 47.36 37.82 
Table 61. a-GPDtl-F gene frequencies (p ) and observed and expected tn-Gpdlj zygotic distributions of 18 
population cages at 24th generation in alcoliol environment. X values measure the 
deviation from liardy-Weinberg expectations 
Popu­
lation 
cage 
a- Gpdh Genotyfi le 
F 
P 
Popu­
lation 
cage 
a- Gpdh Genotype 
FF FS SS FF FS SS 
observed la 8 25 17 .41 .054 lb 8 27 15 .43 .514 
expected 8.40 24.19 17.40 9.24 24.51 16.24 
observed 2a 14 27 9 .55 .410 2b 10 32 8 .52 3 .978* 
expected 15.12 24.76 10.12 13.52 24.96 11.52 
observed 3a 13 29 7 .56 1.983 3b 5 28 17 .38 1 .776 
expected 15.37 24.15 9.49 7.22 23.56 19.22 
observed 4a 15 25 7 .59 .441 4b 7 28 15 .42 .905 
expected 16.36 22.74 7.90 8.82 24.36 16.82 
observed 5a 2 21 27 .25 1.026 5b 12 23 15 .47 .295 
expected 3.12 18.75 28.12 11.04 24.91 14.04 
observed 6a 3 21 26 .27 .509 6b 4 26 20 .34 1 .258 
expected 3.64 19.71 26.64 
• 
5.78 22.44 21.78 
observed 7a 9 21 20 .39 .692 7b 4 24 22 .32 .530 
expected 7.60 23.80 18.60 5.12 21 .76 23.12 
observed 8a 11 22 17 .44 .574 8 b 7 28 15 .42 1 .117 
expected 9.68 24.64 15.68 8.82 24.36 16.82 
observed 9a 12 19 19 .43 2.532 9b 7 25 18 .39 .127 
expected 9.24 24.51 16.24 7.60 23.80 18.60 
" Significant deviation from llardy-Weinberg expeclalions. 
Table 62. g-GPDH-F gene frequencies (p ) and observed and expected u-Gpd|j zygotic distributions of 18 
population cages at 28th generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­
lation 
cage 
a--Gpdh Genotype 
F 
P 
Popu­
lation 
cage 
a-•Gpdh Genotype 
F 
P X^ 
FF FS SS FF FS SS 
observed la 17 39 44 .365 2.52 lb 18 44 38 .40 .694 
expected 13.32 46.36 40.32 16.00 48.00 36.00 
observed 2a 27 50 23 .52 .000 2b 20 56 24 .48 1 .484 
expected 27.04 49.92 23.04 23.04 49.92 27.04 
observed 3a 20 47 33 .435 .194 3b 13 51 36 .385 1 .053 
expected 18.92 49.16 31.92 14.82 47.36 37.82 
observed 4a 39 45 16 .615 .249 4b 24 46 30 .47 .587 
expected 37.82 47.36 14.82 22.09 49.82 28.09 
observed 5a 10 45 45 .325 .063 5b 14 54 32 .41 1 .350 
expected 10.56 43.88 45.56 16.81 48.38 34.81 
observed 6a 17 46 37 .40 .174 6b 12 51 37 .375 .773 
expected 16.00 48.00 36.00 14.06 46.88 39.06 
observed 7a 13 63 24 .445 7.580* 7b 11 30 59 .26 4 .856* 
expected 19.80 49.40 30.80 6. 76 38.48 54.76 
observed 8a 13 53 34 .395 1.184 8b 21 53 26 .475 .391 
expected 15.60 47.80 36.60 22.56 49.88 27.56 
observed 9a 15 41 43 . 36 .983 9b 17 58 25 . 46 2 .804 
expected 12.83 45.62 40.56 21.16 49.68 29.16 
" Significant deviation from llardy-Weinherg expeclalions. 
Table 63. a-GPI)H-F gene frequencies (p ) and observed and expected <K-Gpd|| zygotic distributions of 18 
population cages at 33rd generation in alcohol environment. X values measure the 
deviation from llardy-Weinberg expectations 
Popu­
lation 
cage 
a--Gpdh Genotyp le 
F 
P 
Popu­
lation 
cage 
a-Gpdh Genotype 
F |> X2 
FF FS SS FF FS SS 
observed la 17 36 42 .37 3 .071 lb 21 54 25 .48 .668 
expected 13.00 44.29 37.71 23.04 49.92 27.04 
observed 2a 28 42 29 .495 2 .268 2b 30 53 16 .57 .849 
expected 24.26 49.49 25.25 32.14 48.53 18.31 
observed 3a 24 50 26 .49 .000 3b 11 43 46 .325 .040 
expected 24.01 49.98 26.01 10.56 43.88 45.56 
observed 4a 35 45 20 .575 .630 4b 26 48 26 .50 .016 
expected 33.06 48.88 18.06 25.00 50.00 25.00 
observed 5a 21 39 40 .405 3 .644 5b 21 51 27 .47 .116 
expected 16.40 48.20 33.40 21.87 49.32 27.81 
observed 6a 21 48 24 .485 .104 6b 17 29 54 .315 10.770* 
expected 21.88 46.46 24.67 9.92. 43.16 46.92 
observed 7a 24 48 27 .485 .086 7b 11 48 41 -35 .302 
expected 23.29 49.46 26.26 12.25 45.50 42.25 
observed Sa 18 49 33 .425 .000 8b 23 55 22 .505 1.000 
expected 18.06 48.88 33.06 25.50 50.00 24.50 
observed 9a 13 43 44 .345 .237 9 b 12 59 29 .415 4.623* 
expected 11.90 45.20. 42.90 17.22 48.56 34.22 
Significant deviation from llardy-Weinberg expeclalions. 
Table 64. a-GPDll-F gene frequencies (p ) and observed and expected a-Gpd|| zygotic distributions of 18 
population cages at 37th generation in alcohol environment. X values measure the 
deviation from Hardy-Weinberg expectations 
Popu­
lation 
cage 
a--Gpdh Genotype 
F 
P X2 
Popu­
lation 
cage 
a-•Gpdh Genotype 
FF FS SS FF FS SS 
observed la 15 49 36 .395 .054 lb 15 62 23 .46 6 . 149" 
expected 15.60 47.80 36.60 21.16 49.68 29.16 
observed 2a 20 57 23 .485 1.986 2b 34 52 14 .60 . 694 
expected 23.52 49.96 26.52 36.00 48.00 16.00 
observed 3a 13 58 29 .42 3.628 3b 13 53 54 .395 9 .271" 
expected 17.64 48.72 33.64 15.60 47.80 36.60 
observed 4a 25 51 24 .505 .065 4b 18 56 26 . 46 1 .893 
expected 25.50 49.50 24.50 21.16 49.68 29.16 
observed 5a 12 49 39 .365 .324 5b 21 53 26 .475 .391 
expected 13.32 46.36 40.32 22.56 49.88 27.56 
observed 6a 22 52 26 .48 .174 6b 9 37 54 .275 1 .114 
expected 23.04 49.92 27.04 7.56 39.88 52.56 
observed 7a 36 47 17 .595 .061 7b 18 47 35 .415 .103 
expected 35.40 48.20 16.40 17.22 48.56 34.22 
observed 8a 12 50 36 .38 .721 8b 26 50 24 .51 .000 
expected 14.30 46.65 38.05 26.01 49.98 24.01 
observed 9 a 10 51 39 .355 1.290 9 b 16 56 29 .44 1 .570 
expected 12.60 45.80 41.60 19.55 49.77 31.67 
" Significant deviation from llardy-Weinherg expecLaLions. 
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six cages in which the fitnesses of the 3 Adh genotypes are significantly 
different from each other (7a, 2b, 3b, 6b, 7b, 8b), the relationship 
between genotypes seems inconsistent with the observed changes in the Adh 
gene frequency in their corresponding cages. For example, although 2b 
showed an increase of 30 percent in the Adh-F frequency at the end of 
experiment, estimates of fitness by this method give a higher fitness for 
Adh-S genotype than Adh-F genotype. 
The reason for this discrepancy could be because one of the assump­
tions of the model used to estimate adaptive values is the changing gene 
frequency under constant selective values, whereas the zygotic distribu­
tions of some of the cages in this experiment suggest that genotypic 
fitness was not constant during many generations of this experiment. For 
example, in 6a, in the 11th generation, an excess of Adh heterozygotes 
and a deficiency of Adh-S homozygotes were observed, and then by the 20th 
generation an exact reversal in the genotypic frequencies was noticeable. 
To obtain estimates of adaptive values more appropriate for the 
results of this experiment, another method which applies the following 
relationship was used (Mukai et al., 1980): 
where n is the number of generations; S is selection coefficient of less 
fit homozygote, and q^ and q^ are allele frequencies of less fit allele at 
the starting and last generations. The problems associated with this 
method are: (1) it is based on additive model (no dominance) in which the 
fitness of heterozygote is intermediate between 2 homozygotes; however. 
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Table 65. Comparison of adaptive values ± standard error between Adh-F 
(FF), Adh-S (SS) homozygotes and Adh heterozygote (FS) flies 
of 18 original cages and 4 cages of relaxed-selection study 
Adh Genotype 
Population 
case FF FS SS 
la .956+.016 1.021±.031 1.023+.016 
lb .973+.008 .9701.033 1.057±.027 
2a 1.051±.013 .992+.036 .956+.048 
2b 1.028±.010 .846±.036 1.126±.048 
3a .975±.026 1.027±.068 .998+.042 
3b .9391.018 1.0791.040 .9821.023 
4a 1.0461.017 1.0491.054 .9051.071 
4b 1.0361.012 . .9921.043 .9721.054 
5a .9781.017 1.0171.060 1.0051.043 
5b 1.0011.015 .9081.084 1.0911.071 
6a 1.0481.016 1.0391.048 .9131.064 
6b 1.0251.009 .8711.039 1.1051.045 
7a 1.0591.021 .8261.044 1.1151.062 
7b 1.0971.035 1.1541.078 .7491.112 
8a 1.0481.021 .9301.040 1.0221.060 
A-8a .8551.495 .7741.866 1.37011.361 
B-8a 1.1711.542 1.37511.063 .45411.605 
8b 1.0801.015 .9581.031 .9621.044 
A-8b 1.0571.132 • 1.2641.305 .6791.436 
B-8b 1.1461.125 1.7411.440 .1131.561 
9a 
9b 
.9881.005 
1.0201.020 
1.0281.107 
.8321.245 
.9831.105 
1.1481.226 
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since different genotypes of this experiment show non-constant fitnesses, 
application of over-dominance or complete dominance models would not be 
completely appropriate either; (2) application of this method only gives 
estimates of adaptive values of 2 homozygotes and not heterozygotes; (3) 
no standard error is given by this formula. 
By substracting each estimate of selection coefficient from unity, 
the adaptive value of the Adh-S homozygote (W^ = 1 - S) in each of the 18 
original cages was obtained. Furthermore, adaptive values were calculated 
not only between the starting and last generations, but also between the 
starting and each successive generation in which the Adh gene frequency 
was determined (Table 66). By using this procedure, it is possible to see 
whether fitness remains constant or changes during the experiment. Three 
notable features of the data given in Table 66 are: (1) in the earlier 
generations of the experiment, the difference between the fitnesses of 
the Adh-S homozygotes of the 2 replicates of each cage was much greater 
than in the later generations. For example, in the 4th generation the 
above mentioned difference ranged from .056 to .227 with an average of 
.137. By the 37th generation, however, the difference in adaptive values 
between the 2 replicates of each cage ranged from .006 to .038, with an 
average of only .023 (both cages 7a and 7b were excluded from this cal­
culation because these 2 replicates showed very different responses to 
alcohol stress). (2) In the cages under stressful alcohol conditions (2a, 
2b, 4a, 4b, 6a, 6b, 7a, 8a and 8b), the adaptive values of the Adh-S 
homozygote flies are lower than the adaptive values of the flies (with the 
same genotype) in the cages under control and non-stress alcohol condi­
tions (especially after the 10th generation, when stronger alcohol 
Table 66. Comparison of adaptive values of Adh-S homozygote flies at different population cages 
and different generations (using no-dominance model) 
Popu­
lation 
cage 
Generation 
11 15 20 24 28 33 37 
la 
lb 
.845 
.977 
1.037 
-971 
1.056 
.900 
1.044 
1.029 
1.051 
1.024 
1.071 
1.049 
1.062 
1 .066 
1.054 
1.045 
1.053 
1.047 
2a 
2b 
1.032 
.922 
.896 
1.000 
.964 
1.016 
.941 
.997 
.882  
.977 
.880 
.898 
.897 
.904 
.907 
.884 
.911 
.884 
3a 
3b 
1.125 
1.224 
1.052 
1.117 
1.049 
1.119 
1.033 
1.087 
1.025 
1.078 
1.061 
.912 
1.031 
1.091 
1.035 
1 .063 
1.032 
1.056 
4a 
4b 
.983 
1.131 
.930 
.897 
.967 
.979 
.939 
.944 
.940 
.941 
.915 
.935 
.910 
.936 
.929 
.808 
.965 
.941 
5a 
5b 
.957 
.901 
.995 
.978 
1.023 
.980 
1.017 
1 .028  
1.004 
1.004 
1.034 
1.014 
I .051 
i . 009 
1.035 
1.016 
1.016 
1.028  
6a 
6b 
1.119 
.935 
1.000 
.957 
.910 
.956 
.898 
.952 
.910 
.967 
.942 
.940 
.948 
.951 
.900 
.909 
.905 
.882 
7a 
7b 
1.043 
1.147 
.925 
.881 
.857 
.919 
.848 
.871 
.775 
.895 
.725 
.932 
.765 
.947 
.618 
.959 
.660 
.943 
8a 
8b 
.952 
1.094 
1.072 
1.000 
.823 
.835 
.865 
.837 
.885 
.820 
.863 
.850 
.839 
.921 
.838 
.820 
.855 
.817 
9a 
9b 
1.072 
.845 
1.042 
1.016 
1 .059 
1.041 
1.032 
.959 
1 .007 
.980 
1.027 
1.010 
1 .026 
1 .006 
1.046 
.960 
1.013 
.982 
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selection was exerted on flies). This suggests that the assumption of no 
dominance under which these adaptive values were calculated is not un­
realistic. (3) The adaptive values of the Adh-S homozygote flies in most 
cages change from one generation to another, one alcohol type to another 
and one alcohol concentration to another. The difference in the adaptive 
values between the replicates (especially at the later generations) of 
most cages, is less than between different cages or generations. 
f. Biochemical characteristics of population cages Table 67 gives 
the ADH activity, ADH amount, ADH specific activity (activity/antigenici-
ty) and a-GPDH activity of the flies in 5 selected cages as well as the 
original Strain which contributed the Adh-F allele to the population 
cages of this experiment. These results were obtained at the end of the 
experiment. It would have been useful to have the same kind of data from 
some generations during the process of selection in alcohol environments, 
but it would have required a prohibitive amount of work. The purpose was 
not just to take a sample of flies from a cage and assay its enzyme 
activity, rather the purpose was to assay the enzyme activity of only the 
Adh-F homozygote flies of a given Adh polymorphic population. To do so, a 
great number of iso-female lines had to be set up to obtain a few Adh-F 
homozygotes, especially when at the earlier stage of the study these cages 
were not even near fixation for the Adh-F allele. Even at the end of the 
experiment, since 2 of the selected cages (6b and 7b) were not fixed for 
the Adh-F allele, the problem still remained. That is the reason why the 
results of 7b are from only 6 iso-female lines, whereas for 8a, 8b and 6b, 
10 iso-female lines were used in each case. Measurements were carried out 
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in 17 iso-female lines of 7a, to have a relatively large sample size and 
therefore a more reliable conclusion. 
Each value given in Table 67 is the average of values of some iso-
female lines as indicated in the table. In the case of Strain F^, its 
activity was assayed at four different time intervals. From each iso-
female line, either 2 samples (for each sex) per bottle (7a) or 1 sample 
(other cages) were taken and 2-3 enzyme assays (for each enzyme) were done 
on each sample. The ADH CRM level in each iso-female line is the average 
of measuring 2 diameters of each of either 4 immunodiffusion rings (7a) or 
2 rings (other cages). As Table 67 shows, since there were some differ­
ences in the average weight of the flies of some of the cages, the 
activity of the 2 enzymes are given as per mg of wet weight of flies and 
not per individual fly. 
The results show that the Adh-F flies of 7a, 8a and 8b (only males) 
had significantly higher ADH activity than Strain F^ from which they 
originated. The Adh-F flies of 6b and 7b (only males) on the other hand, 
had significantly lower ADH activity than Strain F^. The increase in ADH 
activity was associated with an increase in the amount of ADH protein in 
8a and 8b (only males). But the decrease in ADH activity in 6b and 7b was 
not due to a decrease in ADH amount. When specific ADH activity was 
compared, the males of all the cages showed significantly higher (7a, 8a, 
8b) or lower (6b, 7b) values than males of Strain F^. Among females, only 
those of 7a and 6b showed significant differences. As discussed before 
(first study, page 160), the absence of a significantly higher or lower 
ADH amount in females could be due to variation in the amount of egg 
carried by females. a-GPDH activity levels in the females of 7a, 8a and 
Table 67. Comparison of mean ± standard error of ADII activity, ADH amount (CRM), ADII 
specific activity and a-GPDH activity of original F2 strain and Adh-F homo­
zygote flies of 5 population cages kept under alcohol stress for 37 generations 
Sex Strain 
No. of 
iso-female 
lines 
weight 
(i»g) 
ADII 
activity 
ADH 
amount 
ADH 
specific 
activity 
a-GPDH 
activity 
F2 
6b 
7a 
7b 
8a 
8b 
4 
10 
17 
6 
10 
10 
.91±.03 
.86±.03 
.87±.02 
1.041.02 
.941.02 
.901.01 
1.801.17 
1.411.08-
2.191.04" 
1.641.06 
2.211.04' 
2.041.07 
11.001.53 
10.861.38 
11.351.17 
11.341.34 
11.861.12 
10.961.17 
.1651.03 
.1301.02" 
.1931.01" 
.1451.01 
. 1861 .01  
. 1861 .02  
1 .211 .01  
1.051.04 
1.031.02*" 
1.091.04 
.991.03"-"-
.941.03** 
F2 
6b 
7a 
7b 
8a 
8b 
4 
10 
17 
6 
10 
10 
.671.04 
.651.02 
.611.02 
.751.01 
.681.01 
.651.01 
2.651.05 
2.281.06 
3.271.07 
2.351.08 
3.931.06 
3.681.11 
13.021.85 
13.001.23 
13.891.28 
13,781.43 
14.681.13 
14.481.23" 
.2041.01 
.1751.02 
.2351.02 
.1711.02 
.2681.01 
.2541.02 
1.151.00 
1.101.04 
1.091.03 
1.091.04 
1.161.03 
1.121.03 
* Student's t-test p<0.05. 
Student's t test p^O.Ol. 
*"•* Student's t-test p^O.OOl 
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8b were significantly lower than the females of Strain But this trend 
is not observed in their corresponding males. 
As it was discussed before (second study, page 189) 2 effects of 
2-propanol on flies are; (1) decreasing of vivo ADH activity; and, (2) 
making of flies more sensitive to the toxic effects of other alcohols 
because of a decrease in flies ADH specific activity. To verify this is 
the case in these population cages as well, in the 13th generation, ADH 
activity was assayed in flies (30 mg of adult flies) taken from each of 
the 2 cages under high concentration of butanol (4a, 4b), 2-propanol (6a, 
6b) and a mixture of 2-propanol and medium concentration of butanol (8a, 
8b). At the same generation and from the same cages as well as from the 
control cages (la and lb), 2 samples of 2-7 days larvae (each 30 mg) were 
taken and assayed for ADH activity and ADH CRM level. 
Table 68 gives the results. Each ADH activity is the average of 4 
assays in larvae and 2 assays in adults. Each average value for ADH CRM 
level is the average of 8 or 4 diameter measurements of 4 (for larvae) or 
2 (for adult flies) immunodiffusion rings. The results given in this 
table should not be compared with those of Table 67 because: (1) each 
sample taken for enzyme assay is a combination of the 3 Adh genotypes and 
not only Adh-F homozygote flies; (2) instead of 10 A, 100 À crude extracts 
were assayed because a different spectrophotometer was used in the second 
case; (3) each value given for ADH activity is from 30 mg of flies rather 
than 1 mg. 
As Table 68 shows, at larval stage, ADH activity and ADH CRM level 
were very different in 4a and 4b when their 2 different samples were 
compared. It could be either because each sample represented an Adh 
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polymorphic population, or represented a larval population at a different 
developmental stage. Deviations in both ADH activity and amount were 
also observed between the 2 replicate cages of la, lb and 4a, 4b. But the 
important point is that those cages with 2-propanol (6a, 6b, 8a, 8b) had 
significantly lower ADH activities and higher ADH CRM levels than the 
other 4 cages (la, lb, 4a, 4b). 
The results from the ADH activity at adult stage (Table 68) were also 
confusing. While the cages with 2-propanol (alone or in a mixture) had 
about the same activity, the ADH activities of 4a and 4b, which were used 
as controls, were very different from each other. The activity of 4b was 
close to the other 4 cages, whereas that of 4a was almost twice as high as 
the other 5 cages. Since the Adh genotypic frequencies in the 13th 
generation are unknown, it is hard to say what is the reason for the 
observed discrepancy between 4a and 4b. Most likely, the result from 4a 
is a more accurate estimate of ADH activity than the one from 4b because 
as Table 70 shows, at adult stage, ADH activity in all cages but 4b was 
about 6-8 times higher than in larvae. In 4b, adult ADH activity was only 
2.5 times higher. Thus, it is possible that the enzyme activity of 4b was 
an unrepresentative value of its population. If so, at adult stage as 
well as larvae, flies from the 2-propanol environment had significantly 
lower ADH activity. 
g. Inversion associations No second-chromosome inversion was 
detected in the 30 tested Adh heterozygote third-instar larvae. Thus, the 
observed significant changes in the Adh-F allelic frequencies are again 
most probably explained by direct selection at the Adh locus, and not the 
Table 68. Comparison of ADII activity of larvae and adults, and ADH amount (CRM) of larvae in control 
population cages (la, lb) and cages with butanol (4a, 4b), 2-propanol (6a, 6b), and 
2-propanol + butanol (8a, 8b) 
Rep­ Larva Adult ((f) Rep­ Larva Adult ((f) 
Cage li­ ADH ADH ADH Cage li­ ADII ADH ADH 
No. cate Activity Amount Activity No. cate Activity Amount Activity 
I 50.51.50 7 .501.20 1 106.51.50 9. 001.00 
la 2 56.51.50 8. 311.12 lb 2 88.011.00 9. 131.13 
X 54.011.76 7 .911.19 X 97.015.23 9. 061.06 
1 40.01.00 8 .061.06 319119.0 1 59.012 50 8. 631.13 198112.5 
4a 2 82.51.50 9 .381.13 4b 2 104.012.00 10. 441.16 
X 61.0112.27 8 .721.26 X 82.0112.91 9. 531.35 
1 32.01.00 12 .001.20 18019.5 1 22.011.00 11 .381.13 16619.0 
6a 2 26.51.50 11 .251.10 6b 2 22.51.50 11 .691.12 
X 29.011.60 11 .631.18 X 23.01.85 11 .531.10 
1 28.514.50 10 .881.30 19315.0 1 21.51.50 10 .881.13 194112.5 
8a 2 30.011.00 11 .131.26 8b 2 27.01.00 12 .001.00 
X 27.011.93 11 .001.19 X 24.011.60 11 .441.22 
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linkage of this locus to a second-chromosome inversion. This result is 
consistent with those of Cavener and Clegg (1978) and Franklin (1981). 
4. Discussion 
Failure to take into account the complexity of natural alcohol en­
vironments, and the ability of D. melanogaster to perceive its environment 
precisely at the biochemical level have led to some prevalent assumptions, 
which in turn have resulted in a distorted understanding of the problems 
facing the ADH system at the population level. Some of these assumptions 
are: the alcohol environment is an uniform stressful condition. Contrary 
to this general view, natural alcohol environments have complex nature. 
For example, in banana, which D. melanogaster has natural attraction for, 
20 different alcohols including ethanol, propanol, butanol and 2-propanol 
have been identified (Hulmes, 1970). The concentration of some of these 
alcohols also change considerably in natural habitats of D. melanogaster 
(see page 74). This assumption has led to the second assumption, namely, 
different Adh genotypes have fixed fitnesses in alcohol environments. Why 
should it be the case? A small rotting fruit with patches of different 
combinations and concentrations of alcohols represent a constant changing 
environment for larvae of D. melanogaster living inside the rotting fruit 
and adult flies swarming around it. There is no reason to believe that in 
such an environment, Adh-S homozygotes and Adh hétérozygotes are doomed 
and Adh-F homozygotes are the fittest genotype. 
This second assumption has led to another one, that is, an adapted 
population of D. melanogaster in an alcohol environment (i.e., winery) is 
the one fixed for Adh-F allele (supposedly the fittest allele in alcohol 
environments). Why should alcohol adaptation be limited only to one 
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allele and one genotype, homozygote for that allele? What if the other 
alleles and genotypes could seize the opportunity to adapt themselves to 
alcohol environments too, i.e., by changing the biochemical properties of 
that allelic-product? After all, fixation of the fittest allele is only a 
manifestation of how a population adapts itself to its environment. The 
basic problem facing each individual fly is how to have the best ADH 
enzyme specific activity to encounter the harsh alcohol environment. 
There is yet another assumption, so prevalent that no population 
study has ever been designed to address it. It is just taken for granted 
that the specific enzyme activity of the eventual fixed allele remains 
the same before and after alcohol stress. There is no reason to assume 
that a fixed allele in a population, given the fact that it is indeed the 
fittest one, is proper enough to encounter a sudden harsh environmental 
change. Regulatory gene(s) and/or a sudden change in structural locus 
(not necessarily a point mutation) can still bring a better adaptedness to 
a fixed allele. The real problem with population genetic theory is that 
it assumes variation exists in a population only before selection starts to 
act upon it in an unfavorable environment. What if the new stressful 
environment causes new variation itself? Several results of this study 
are strong evidences against these assumptions and will be discussed later 
in detail. At first, it is more appropriate to review the conclusions one 
may reach from all the results of this experiment. 
(1) At high concentrations of 3 different alcohols (ethanol, butanol, and 
2-propanol) and at medium concentrations of a mixture of 2 different alco­
hols (2-propanol and ethanol, 2-propanol and butanol) an increase in the 
Adh-F allele is obtainable. 
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(2) The magnitude of the increase in the Adh-F allele could differ from 
one alcohol to another alcohol, and from one alcohol concentration to 
another concentration. 
(3) Alcohol stress acts directly at the Adh locus. 
(4) The rates of increases in the Adh-F allele are too great (in most 
population cages) to be explained by either genetic drift or associative 
overdominance. 
(5) At low concentrations of 2 different alcohols (ethanol and butanol) 
and in a mixture of medium concentration of 2-propanol and low concentra­
tion of butanol, the Adh-S allele does not have significant advantage over 
the Adh-F allele. 
(6) The g-Gpdh locus either does not respond or responds very weakly to 
alcohol stress. 
(7) Selection in alcohol environments acts on different Adh genotypes 
either before the third-instar larval stage or after eclosion. 
(8) Increases in the Adh-F allele is associated with a change in ADH-FF 
specific activity. 
(9) Observed changes in ADH-FF specific activities are sometimes negatively 
and sometimes positively correlated with an increase in the Adh-F allele. 
The majority of these results are explained by available data about 
the ADH system. For example, the first observation is expected because it 
is consistent with the fact that the Adh-F homozygote flies have about 2 
times the ADH activity as the Adh-S homozygotes (Gibson, 1970). With 
respect to the 3rd and 4th conclusions, arguments in support of them have 
been given so repeatedly and convincingly since 1978 (Van Delden et a].., 
1978; Van Delden, 1982; Cavener and Clegg, 1978, 1981) that at present 
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they are regarded as facts, and since the data from my experiment cannot 
add or take anything from those arguments, it seems unnecessary to repeat 
them again in this discussion. On the other hand, some of the other 
conclusions need to be discussed because they deviate from the presently 
accepted understanding of the ADH system and so are unexpected. These 
conclusions are No. 2, No. 8, and No. 9. Basically, they are interrelated 
and make the accepted assumptions invalid. 
In regard to the second conclusion, the fact that the 6 population 
cages under high alcohol stress (2a, 2b, 4a, 4b, 6a, 6b) did not go to 
fixation, while the 3 cages under medium alcohol stress (7a, 8a, 8b) 
became fixed in the first cage and almost fixed in the other two, merits 
more attention. To start with, one can argue that given more time, they 
would become fixed too. They might, but another point is that the pattern 
of the changes in the Adh-F frequency is basically different in these 2 
groups. In the latter group, by the 11th generation, it was above .80 in 
all three cages. At the same time, the Adh-F frequency was considerably 
lower in the cages of the former group. Also, this increase was more or 
less steady in the second group, and otherwise in the first one such that 
in 2a, 4a, 4b, and 6a less than 10 percent increase in the Adh-F frequency 
was observed in each cage between the 20th generation and 37th one (last 
generation). This particular behavior of Adh-F is especially evident in 
4a and 4b (high concentration of butanol). Ironically, they were exposed 
to the harshest alcohol environment in this experiment (longer chain 
alcohols are more toxic), and yet not only did the 2 cages 
274 
not become fixed for Adh-F, but these 2 cages had the lowest Adh-F fre­
quencies (.785 and .86) among all cages under high and medium concentra­
tions of alcohol. 
How can one explain it? The easiest explanation is that the Adh 
locus does not respond to selection and all these results reflect some 
random fluctuations. The fact that the Adh-F allele became fixed in 7a, 
8a and 8b argues against this simplistic view. In addition, the failure 
of the Adh-F allele to become fixed in these 6 cages is not something 
unique to my experiment. In Van Delden's study (Van Delden et al., 1978), 
after 19 generations on very high concentration of ethanol (15% v/v) and 
high concentrations of butanol (2.5%) and 2-propanol (2.5%), Adh-F 
frequencies were only .75, .83 and .56 respectively in the three popula­
tion cages (initial frequency was about .50 in each). In another set of 
experiments reported in the same paper, the Adh-F frequency in none of the 
three cages under 15% ethanol selection exceeded .90 after 20 generations. 
Again, in Cavener and Clegg's study (1981), one replicate cage did not 
exceed .90 after 50 generations, whereas the other one became fixed by 
this generation. The ethanol concentration in their experiment, however, 
was only 10%. Mortality studies (i.e., the first study of this thesis) 
show that on 12% and above most flies start to die. All these results 
suggest that at medium concentrations of a given alcohol, Adh-F homozygote 
is the fittest genotype, while at high concentrations, it is not the 
fittest genotype. This interpretation is consistent with the conclusion 
of the first study, namely, stabilizing selection is the mode of selection 
in alcohol environments; and with the results of the second study, that 
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is, alcohol tolerance of different Adh genotypes differ from each other at 
various ethanol concentrations. 
Against this interpretation, one can argue that since flies of 7a, 8a 
and 8b were also under 2-propanol stress, the fixation of the Adh-F allele 
in these cages could be in response to the special biochemical effect of 
2-propanol, i.e., the Adh-F homozygotes of 7a, 8a and 8b had relatively 
lower ADH activity than the same flies of those cages without 2-propanol 
and so did not have the problems associated with high ADH activity. 
Because of this fact, selective pressure was more intense on the Adh 
heterozygotes of 7a, 8a and 8b with lower ADH activities than normal Adh 
hétérozygotes. Therefore, the end result was the higher fitness of Adh-F 
homozygotes because of 2-propanol effect and not medium concentration of 
ethanol or butanol. Although this argument sounds reasonable, the results 
of the other cages with 2-propanol (9a, 9b, 6a and 6b) do not give any 
support to it. 
Furthermore, when flies are exposed to a mixture of 2-propanol and 
another alcohol at medium concentrations, the situation is more compli­
cated. In such cases, flies may face 2 problems. On one hand, high ADH 
activity is disadvantageous in 2-propanol environment and on the other 
hand, high ADH activity is needed to encounter the toxicity of the other 
alcohol. It seems that for the flies of 7a, 8a and 8b, survivorship 
primarily depended on challenging the toxicity of the second alcohol, and 
so they became fixed for the Adh-F allele. As far as how the Adh-F homo­
zygotes of these cages did overcome 2-propanol effect, the answer may 
be either because 1% 2-propanol was not strong enough to exert its effect. 
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or at larval stage flies preferentially avoided those sections of food 
containing 2-propanol. 
Nevertheless, there is still the possibility that in 7a, 8a and 8b, 
flies faced 2-propanol effect and the toxicity of the second alcohol at 
the same time. Because of this, the conclusion that only at medium con­
centration of alcohol will the Adh-F allele go to fixation cannot be 
strongly supported by the results of this experiment. The only direct 
support for this conclusion comes from one replicate cage of Cavener and 
Clegg's study (1981) in which flies were exposed to medium concentration 
of ethanol (10%). In all other reported studies, high concentrations of 
alcohol were used and all are supportive of the other aspect of this con­
clusion, that is, at high concentrations of alcohol the Adh-F allele will 
not go to fixation. 
The general implication of both aspects of this conclusion is that 
the fitnesses of different Adh genotypes change constantly in a hetero­
geneous alcohol environment, resulting in the maintenance of the Adh poly­
morphism in such an environment. This hypothesis opposes the prevalent 
view assuming directional selection in favor of the Adh-F allele in 
alcohol environments. The strongest evidence supporting the proposed 
hypothesis for alcohol adaptation is observed in wineries, one of the 
natural habitats of D. melanogaster. As discussed in detail in section 
I.C, the Adh allelic frequency of flies in wineries has created a big 
controversy about the role of the ADH system in alcohol adaptation. 
According to the prevalent view, the Adh-F frequency must be fixed in 
wineries and since it is not even close to fixation (around .67; McKenzie, 
1974), some investigators have taken the position that alcohol adaptation 
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is independent of the ADH system. With the new hypothesis the problem is 
resolved, wineries are heterogenous alcohol environments and so Adh poly­
morphism is maintained there. 
Conclusions No. 8 and No. 9 may promise a new dimension to population 
genetic theory. The ADH specific activity of the Adh-F homozygote flies 
was measured in 5 specific population cages, and in all cases, their ADH 
specific activities differed from the ADH specific activity in Adh-F 
homozygotes before alcohol was added. This result questions the sim­
plistic view that a population becomes adapted to a new environment by 
selecting the existing fittest variant. The existing fittest variant was 
the original ADH-FF variant and not these new selected ones. It is likely 
that the selected ADH-FF variants existed in the population before alcohol 
was added to the cages and then in alcohol environments were selected for. 
But how can one distinguish between this possibility and the one suggest­
ing that several ADH-FF variants were first generated by alcohol stress 
and then some of them were selected for? Unfortunately, from the avail­
able data it is impossible to give an accurate answer to this question. 
Either way, still the question is "why doesn't alcohol adaptation 
proceed simply by selecting the original ADH-FF variant?" The following 
discussion gives some possible answers. As the results show, ADH-FF 
specific activity increased in 7a, 8a and 8b (the same cages that became 
fixed for the Adh-F allele). The higher ADH-FF specific activity would 
result in higher rates of acetaldehyde, butyraldehyde and acetone buildup, 
all three more toxic than ethanol, butanol and 2-propanol themselves. So 
why did it happen? A possible explanation is that the problem of 
secondry-product buildup was solved in these flies by simultaneous action 
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of selection (in alcohol environments) on the second enzyme in the alcohol 
oxidation pathway, that is, the enzyme with a higher rate of oxidation of 
secondary-product was selected for. If so, having higher ADH-FF specific 
activity was certainly more advantageous for flies of these cages. 
At the same time, in 7b (replicate of 7a), lower ADH-FF specific 
activity was selected for. The behavior of the Adh-F allele was also 
different in these 2 cages. The increase in the Adh-F allele frequency 
was steady in 7a. In 7b, however, 2 sudden increases were observed in the 
8th and 15th generations and then the Adh-F allelic frequency remained 
around .87 for the remaining 22 generations. Nevertheless, the lower ADH 
specific activity of the Adh-F homozygotes and the lower Adh-F frequency 
of 7b (compare to 7a) could not imply that the 7b population was less 
adapted to alcohol environments than the 7a population. After all, the 
flies of 7b had tolerated the harsh alcohol environment as well as did the 
flies of 7a, without going to extinction or showing any decrease in 
population size. 
Indeed, the lower ADH specific activity of the Adh-F homozygotes of 
7b may explain why this cage didn't go to fixation for the Adh-F allele. 
Possibly, the Adh-F homozygotes of 7b with lower ADH specific activity had 
no advantage over the Adh-heterozygotes of the same cage and so selection 
did not act to eliminate Adh-heterozygotes. This does not mean that 
selection was not acting on this population at all. It certainly acted to 
eliminate Adh-S homozygotes. Still, the question remains that why an 
ADH-FF variant with lower ADH activity was selected in such a harsh 
environment. Possibly, this population did not solve the problem of 
secondary-product buildup and therefore flies with lower ADH specific 
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activity were more advantageous in this environment. The point is, 
because of the interaction between a heterogeneous alcohol environment and 
flies with diverse genetic backgrounds, there is no single way by which to 
adapt. 
Another population cage in which Adh-F homozygotes with lower ADH 
specific activity were selected for was 6b. Since in this cage flies 
were only exposed to high concentration of 2-propanol, it was a proper 
adaptive strategy for this population to select for Adh-F homozygotes with 
lower ADH activity. But why weren't the original Adh-heterozygotes (with 
lower ADH activity) selected for? Most probably, the new variants had an 
extra advantage over Adh-heterozygotes, i.e., 2-propanol did not cause any 
side effect in them. 
The problem is that in 7a, 8a and 8b (with higher ADH activity) Adh 
allele became fixed, whereas in 6b (like 7b), population remained poly­
morphic for the Adh gene. It should be kept in mind, however, that the 
behavior of the Adh-F allele is unexpected in both 6b and 6a. Because of 
the special biochemical effects of 2-propanol, it was expected that the 
Adh-F allelic frequency did not change in these 2 cages. However, it did 
change and became .92 and .935 in 6a and 6b by the end of the experiment. 
Unlike those cages with significant increases in the Adh-F frequency, the 
considerable increases in the Adh-F frequency in 6a and 6b were not 
steady. Even until the 28th generation, Adh-F frequency remained more or 
less as expected, then suddenly increased in both cages. A sudden tem­
porary increase in allelic frequency is usually associated with a change 
in linkage equilibrium with one or more loci in the same chromosome. 
Since the experiment was stopped at the 37th generation, it is hard to say 
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whether the observed sudden increases were temporary or not. It was 
probably directional in 6b (see Figure 22). 
Thus, the lower ADH specific activity of the Adh-F homozygotes of 6b 
was probably associated with the increase in the Adh-F allele. On the 
other hand, the increase in Adh-F gene frequency was associated with 
higher ADH specific activity in 7a, 8a and 8b. And yet, in 7b, the lower 
ADH specific activity was associated with a situation in which Adh-F 
allele frequency stopped further increase. Conflicting results such as 
these are indicative of an inadequacy in interpreting them. An accurate 
interpretation of the association between ADH activity and Adh allelic 
frequency needs more information about how biochemistry and genetic back­
ground of fly interact with alcohol environments. There are several 
primary unanswered questions, e.g., is the second enzyme in the alcohol 
oxidation pathway polymorphic or monomorphic in D. melanogaster? Does it 
have any regulatory enzyme or not? 
In summary, although the observed changes in the Adh-F frequencies of 
the population cages of this experiment are more or less the same as other 
previous studies, this experiment has clearly shown that the challenge of 
surviving the alcohol environment is not as easy for D. melanogaster as we 
have previously assumed. 
III. CONCLUSION 
Today, the new generation of the investigators of the ADH system, who 
have started to clone the Adh gene of different Adh variants, looking for 
nucleotide polymorphism, assume that every major characteristic of the ADH 
system is known at the organismic and population levels, e.g., Drosophila 
flies with higher ADH activity, have higher alcohol tolerance, and Adh-F 
allele always becomes fixed in alcohol environments. The results of my 
three experiments described in this dissertation reveal how much the ADH 
system has been misunderstood at these two levels. There are mainly 2 
reasons for this misunderstanding; (1) ignorance by researchers of the 
fact that D. melanogaster can precisely recognize (at biochemical level) 
the heterogeneity of alcohol environments, and (2) failure to relate 
correctly the findings of the ADH system at the organismic and population 
levels to those at the enzymatic level. 
Many previous studies have shown that a form of balancing selection 
operates at the Adh locus, and many investigators have intuitively postu­
lated the heterozygous superiority as the predominant form of balancing 
selection acting at this locus. The results of these three experiments 
suggest that it is not the Adh-heterozygosity per se that is being 
selected for in alcohol environments, rather it is an intermediate ADH 
activity. The Adh-heterozygote flies of D. melanogaster happen to have an 
intermediate ADH activity level. Actually, speaking in a broader sense, 
alcohol adaptation does not proceed all the time by selecting flies with 
an intermediate ADH activity either. Selective pressure is really on the 
entire alcohol oxidation pathway. Flies are best adapted to alcohol 
environments by having a balanced alcohol oxidation pathway in which 
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neither alcohol nor its oxidized form (aldehyde or ketone) would be 
accumulated in flies. An intermediate ADH activity is one way to keep 
this pathway balanced, but it does not work in all alcohol concentrations. 
It keeps the pathway balanced at high alcohol concentrations and not 
intermediate concentrations. At intermediate alcohol concentrations, it 
is the high ADH activity that keeps the alcohol oxidation pathway 
balanced. 
Nevertheless, it is not always necessary to select different ADH 
activity levels at different alcohol concentrations to keep the pathway 
balanced. After all, this pathway has another enzyme which catalyzes alde­
hyde or ketone to acetate. Therefore, in concept, it is reasonable to 
assume that alcohol adaptation can also proceed by selecting one ADH 
activity level at all alcohol concentrations and alternative activity 
levels of the second enzyme at different alcohol concentrations. Un­
fortunately, there is no information available about the second enzyme, 
e.g., whether it is polymorphic or monomorphic. But the results of these 
3 experiments fully support the necessity of selecting alternative ADH 
activity levels in heterogeneous alcohol environments. 
In the first study, various populations, differing from each other in 
the Adh structural and regulatory loci, were subjected to selection in 
a stressful alcohol environment (high concentration of ethanol) for 
increased alcohol tolerance for some generations. The results showed that 
alcohol adaptation did not favor any specific population, rather inter­
mediate ADH activity. Populations with different starting ADH activities 
(some high and some low) reached an intermediate ADH activity after 
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selection in their alcohol environments. Therefore, stabilizing selection 
was proposed as the selective force in alcohol adaptation. 
This finding does not, however, imply that different Adh genotypes 
have constant fitnesses in all alcohol concentrations. The results of the 
second study clearly showed that at high concentrations, Adh-S homozygote 
and Adh heterozygote had higher alcohol tolerance than Adh-F homozygote 
(because of the relatively higher rate of secondary product buildup in 
Adh-F homozygote), whereas Adh-F homozygote had the highest alcohol 
tolerance at intermediate alcohol concentrations (because of the rela­
tively lower ADH activity of Adh-S homozygote and Adh-heterozygote). 
The results of the population cages of the third study showed that at 
high alcohol concentrations, the population of flies remained polymorphic 
for Adh, whereas at intermediate alcohol concentrations, the Adh-F allele 
became fixed, suggesting again that fitness is not a fixed attribute in 
different Adh genotypes and changes at different alcohol concentrations. 
Therefore, the proposed stabilizing selection is environmentally depend­
ent, and because of that, its overall strategy is to maintain an inter­
mediate ADH activity. At least one of the two following conditions is 
required to make it work in nature as well: (1) Adh-heterozygote flies 
should have an intermediate ADH activity; (2) a wide range of alcohol 
concentrations should exist in natural habitats of D. melanogaster. 
Indeed, both conditions are met in nature. 
The overall higher fitness of the intermediate ADH activity in 
alcohol environments would explain (1) why Adh polymorphism is being 
maintained in wineries (one of the natural habitats of D. melanogaster), 
some with ethanol concentrations as high as 20%, and (2) why the Adh-F 
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allele did not go to fixation in the majority of the population cages 
under alcohol stress in previous studies. Furthermore, it might be the 
reason why all surveyed species of Drosophila with duplicated Adh genes 
did not have higher ADH activity than other species without any duplica­
tion at this gene locus (Batterham et al., 1983). Most probably, very 
high ADH activity is not favored in their cactus habitats (with diverse 
volatile alcoholic substrates). 
The proposed biochemical basis for the higher fitness of the inter­
mediate ADH activity (at high concentrations of alcohol) represents a good 
example of why evolution (in most cases) might favor simple enzymes and 
multi-stepped metabolic pathways to complex enzymes and single-stepped 
reactions. If alcohol would have been oxidized to acetate in one step 
(to solve the problem of acetaldehyde toxicity in flies), then a single 
variant with the highest enzymatic efficiency would be selected for in all 
alcohol concentrations. In the present 2-stepped alcohol oxidation path­
way, however, the ADH-FF variant with the highest ADH activity is not 
the fittest enzyme in all alcohol concentrations. ADH-SS and ADH-FS vari­
ants, by being less efficient in the first step, provide better efficiency 
for the pathway as a whole (in high alcohol concentrations). It seems 
the alcohol oxidation pathway is an adaptive strategy to let the less ef­
ficient ADH variants co-exit with the most efficient one. Therefore, the 
abundance of metabolic pathways in organisms may directly be associated 
with the prevalence of allelic polymorphism in nature. 
The persistence of the Adh polymorphsim in alcohol environments 
^ints to the immense flexibility of D. melanogaster. This flexibility 
nowhere is more evident than in another result of the first study, in 
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which two populations with no variation either at the Adh structural locus 
or its regulatory loci (before alcohol exposure), still responded to 
selection in alcohol environments by increasing their alcohol tolerance 
(and ADH activity); therefore, surviving the harsh alcohol environment. 
Apparently, variation was introduced to these populations during the 
selection process. The first candidate for causing this variation is 
obviously point mutation. However, point mutation does not happen fre­
quently, and in this experiment 3 out of 4 homozygote strains (2 popula­
tions and their 2 replicates) showed an increase in their alcohol 
tolerance. An alternative explanation is that alcohol stress itself 
generated the new variants in these strains. Further studies are 
necessary to support the latter alternative. 
The environmentally induced adaptation (if, in fact, such exists in 
nature) is in contrast with what we usually think of the adaptive process, 
namely, the simple process of fixation of the original fittest allele in 
the population (existed in the population before organisms were exposed to 
a new environment). The biochemical results of the third study also 
argues against this simplistic view of adaptation. In this study, five 
populations were assayed for ADH activity after being in alcohol environ­
ments for 37 generations. In three populations, the ADH activity of the 
Adh-F homozygotes were significantly higher than the original Adh-F homo­
zygotes, and in the other two populations significantly lower. This 
observation indicates that some new ADH-FF variants, and not the original 
one, were selected for during the adaptation process (at the present time 
there is no way to know whether the new ADH variants of these population 
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cages were generated by alcohol stress or already existed in the popula­
tion before alcohol selection started). 
Another result of the third study suggests that alcohol adaptation 
not only favors different Adh alleles, but also different genetic back­
grounds. In this study, two population cages under the same alcohol con­
dition used two different adaptive strategies to survive and maintain 
their original population sizes. Since intermediate alcohol concentra­
tions were applied in these two population cages, the best strategy was to 
become fixed for the Adh-F allele. One of the two populations used this 
strategy, whereas the other one remained polymorphic for the Adh struc­
tural locus. The maintenance of the Adh polymorphism in the second 
population was indeed an adaptive strategy because the results of the ADH 
activity showed that the Adh-F homozygote flies of this population had 
significantly lower AHD activity than the original Adh-F homozygotes. 
Probably, the flies of the second population had a different genetic 
background (than flies of the first population), more suitable for the 
alternative adaptive strategy. 
In summary, the results of these 3 experiments show how apparently 
conflicting results can be resolved by studying the organismic (i.e., 
alcohol tolerance) and population (Adh gene frequency changes) levels of 
the ADH system thru the vantage point of its enzymatic level. Likewise, 
one can imagine how much more information will be revealed in future by 
studying the ADH system at the nucleotide level. Hopefully, with the new 
techniques of molecular biology, future is almost here. 
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